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ABSTRACT 
 Metacommunity theory investigates how local (species interactions and environmental filters) and 
regional (movement across the landscape) processes combine to determine the distribution, composition, 
and diversity of communities. In particular, studies of metacommunities usually explicitly or implicitly 
incorporate space, leading to an emphasis on spatial scale. Most metacommunity studies have focused on 
free-living organisms; however, using parasite communities offers unique insight into metacommunity 
patterns and processes through high replication and the ability to incorporate an additional scale. Complex 
life cycle parasite communities have three spatial scales that are biological important (1) within host, 
where parasite communities interact with each other and the host immune system, (2) within locality, 
where the host demography and environmental conditions can affect free-living parasite stage success, 
and (3) across the landscape, following the movement of their most vagile hosts, usually vertebrates. I 
used a metacommunity of flatworm (digenean trematode) parasites in their freshwater mollusk hosts to 
investigate metacommunity patterns and processes across scales.  
 I used a combination of broad field surveys, advanced statistics, mathematical models, and 
experimentation to evaluate how patterns and processes affecting metacommunities shifted across the 
spatial scale of investigation. Within hosts, I found that parasite communities can be interactive, affecting 
each other’s colonization of host snails in controlled experimental mesocosms. Scaling up to within a 
locality, site and species specific feedbacks were more important than interspecific interactions based on a 
series of metacommunity models fit to a three year field dataset of a trematode metacommunity. On the 
same metacommunity scale, I investigated the relationship between avian hosts and trematode infections. 
I found that avian host use had strong seasonal patterns, and that trematode species richness and 
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prevalence was positively related to the abundance and richness of birds. Then I scaled up again to 
consider patterns and processes affecting trematode metacommunities across the landscape using a two 
year field study. The availability of mollusk hosts was most important for landscape level trematode 
metacommunity structure. Overall, the drivers of parasite metacommunities shifted across scales, with 
interspecific interactions important within hosts, but with site level characteristics most important within 
sites and across the landscape. 
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CHAPTER 1 
INTEGRATING PARASITES INTO METACOMMUNITY THEORY 
The metacommunity concept 
 Grown from the seminal work of Leibold et al. (2004) and Holyoak et al. (2005), metacommunity 
theory aims to explain the composition, diversity, and distribution of communities across the landscape. 
Metacommunities are defined as “a set of local communities that are linked by dispersal of multiple 
potentially interacting species” (Leibold et al. 2004). While predominantly theoretical, metacommunity 
models describe four major paradigms used to simulate natural communities: patch dynamics, species 
sorting, mass effects, and neutral theory (Leibold et al. 2004, Holyoak et al. 2005). These paradigms 
differ in their emphasis on local and regional processes, with patch dynamics and species sorting 
emphasizing different local processes, i.e. species interactions and abiotic conditions respectively, and 
mass effects emphasizing regional processes, i.e. dispersal (Logue et al. 2011). Neutral theory can be seen 
as the null model for metacommunities, where species and patches are identical and communities are 
driven by random probabilities (Hubbell 2001). Theoretical studies of regional coexistence in highly 
competitive communities have pushed metacommunity theory forward (Tilman 1994, Loreau and 
Mouquet 1999, Mouquet and Loreau 2002, Amarasekare et al. 2004, Calcagno et al. 2006), but given the 
large scale and intricacies involved, empirical studies that test theoretical predictions are still lagging far 
behind (Logue et al. 2011).  
 However, in general three major approaches have been used to study metacommunity dynamics, 
(1) describing patterns from site-by-species matrices, (2) comparing community dissimilarity with factors 
that may affect metacommunity composition, and (3) using mathematical models to simulate theoretical 
drivers. As in many fields, early empirical work on metacommunities focused on describing the patterns 
of community diversity across an interconnected landscape. Using ordination methods, patterns in 
metacommunity structure can be tied to theoretical structures, such as Gleasonian, Clementsian, nested, or 
random (Leibold and Mikkelson 2002, Presley et al. 2010). Yet the underlying mechanisms that lead to 
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the various theoretical structures are unclear, and further research is needed to unify metacommunity 
patterns with the theoretical paradigms.  An alternate empirical approach focuses on community similarity 
(or dissimilarity), and predicting similarity based on habitat quality, dispersal, and/or species interactions 
to try to parse apart which of these is most important in driving patterns of community composition across 
the landscape. In a meta-analysis of the studies of this type, Cottenie (2005) concluded that species 
sorting or mass effects, e.g. habitat and dispersal, are most important for metacommunities. However, 
Cottenie (2005) also highlighted the need for a wider array of study systems and better measurement of 
dispersal before comprehensive conclusions can be drawn. 
 While empiricists have been developing new methods to evaluate both patterns and processes in 
metacommunities, theoreticians have continued to produce predictions based on mathematical models. 
The predominant theories for species coexistence in a metacommunity given strong local species 
interactions involve life history trade-offs, open systems with outside dispersal, or shifting competitive 
abilities across environmental gradients. For example, Tilman (1994) found that a trade-off between 
competition, longevity, and dispersal abilities led to long-term coexistence in a spatially explicit 
metacommunity model (competition-colonization hypothesis), while Loreau and Mouquet (1999) in a 
similarly structured metacommunity suggested outside dispersal when sufficiently large enough can 
create coexistence through mass effects. The effects of spatial or temporal heterogeneity in species traits 
or habitat quality has led to a debate about whether species that are more or less similar are more likely to 
coexist (Pacala and Tilman 1994, Mouquet and Loreau 2002). The predictions from metacommunity 
models are beginning to be tested using aquatic microbial metacommunities in experimental microcosms  
(Venail et al. 2010, Livingston et al. 2012), but much experimental and empirical work is still needed.  
Importance of spatial scale 
 Because predictions of species diversity and coexistence can be quite different when considering 
how communities are organized in space, metacommunity theory stresses the incorporation of implicit or 
explicit spatial dynamics. The beginnings of spatial ecology also brought forth the idea that phenomena 
may show different patterns when studied at different spatial extents, such as local, regional, or global 
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(Tilman and Kareiva 1997). Many themes in community ecology show shifting patterns with increasing 
spatial extent, including diversity, invasibility, and productivity (Chase and Leibold 2002, Davies et al. 
2005, 2007). I expect that the importance of the main drivers of metacommunities, species interactions, 
abiotic conditions, and dispersal, are also affected by spatial scale. Indeed, empirical metacommunity 
studies are more likely to find strong structuring patterns when they cover large metacommunities over 
habitat gradients, such as McCauley et al. (2008) finding clumped community boundaries for dragonflies 
between lakes with and without fish. Because we know that the outcome of a research study can be 
affected by the spatial extent, it is important to match the spatial scale of study to that which is 
biologically relevant to the study community or metacommunity. For this reason, Byers et al. (2008) 
incorporated a nested hierarchy of spatial scales when considering a multi-host parasite infection in snails, 
incorporating both dynamics at the bay level (spatial extent of bird hosts) and  dynamics at the intertidal 
level (spatial extent of snail hosts). Because metacommunities inherently incorporate either implicit or 
explicit space, they provide an ideal way to test how mechanisms for metacommunity dynamics shift in 
importance across spatial scales. 
Intricacies of incorporating parasites 
 Metacommunity theory has come far. However the need remains for a wider diversity of study 
systems in which to test the universality of metacommunity theory. The young field of disease ecology 
aims to understand how parasites interact with other parasites, hosts, and the broader environment, 
allowing for a natural combination of parasite systems and metacommunity theory with the potential to 
inform our understanding of both theories (Costello et al. 2012, Mihaljevic 2012). Host-parasite systems 
can provide distinct advantages over free-living metacommunity models. They have discrete boundaries 
(hosts), can be collected in large numbers (high replication), and have simplified communities (more 
tractable). Additionally, parasites have three biologically relevant spatial scales (Figure 1.1), within hosts 
(interspecies interactions, host immune response), within locality (host population dynamics, 
environmental conditions), and across the landscape (host metacommunity dynamics, host and parasite 
dispersal). While parasites can be a good study system for testing metacommunity theory, there are some 
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limitations to using parasites in the metacommunity framework. Hosts are mobile and short lived, while 
spatial scales are inter-related and hard to separate. Additionally, for complex life cycle parasites dispersal 
and reproduction may occur within a different host species from the host where the parasite community is 
sampled.  
 One such parasite group is the digenean trematodes, which are well studied flatworm parasites 
that have been used to explore biogeography and community ecology questions (Poulin 2004, Lafferty et 
al. 2008, Poulin et al. 2011), making the extension to metacommunity theory possible. Trematodes have 
two to four species lifecycles, typically involving a mollusk as the first intermediate host, a variety of 
aquatic invertebrates or vertebrates as the second intermediate host, and lastly a vertebrate as the 
definitive host. Sexual reproduction occurs within the definitive host and eggs are passed with their feces. 
The eggs either hatch or are eaten by the first intermediate mollusk hosts, where they reproduce asexually 
to fill the gonad tissue and castrate the mollusk. The mollusk then becomes a parasite making factory, 
releasing free-swimming cercariae that infect the second intermediate hosts which are subsequently eaten 
by a vertebrate host to complete the life cycle. For trematodes within mollusk hosts, we know they are 
competitive (Lafferty et al. 1994, Hechinger et al. 2011), leading to typically depauperate communities. 
Trematodes are also widespread, indicating broad dispersal (Johnson and McKenzie 2009), sometimes 
driven by the diversity of their hosts (Smith 2001, 2007, Hechinger and Lafferty 2005), and are sensitive 
to environmental conditions, including water quality and predation (Morley et al. 2003, Thieltges et al. 
2008). For the duration of my thesis, I have focused on trematode infections in the freshwater snail, 
Helisoma trivolvis, which I used as a model system to study metacommunity dynamics across spatial 
scales.  
Organization of the dissertation 
 Because I am interested in how spatial scale affects the driving processes behind metacommunity 
dynamics, I have organized my thesis starting at the smallest scale and building upwards. The second 
chapter will tackle species interactions within hosts, evaluating processes at the community level.  Here I 
tested how two symbiotic species of H. trivolvis affected each other’s colonization success and the 
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resulting community composition with a controlled mesocosm experiment. The third chapter will scale up 
to metacommunities, focusing on how a combination of interspecies interactions, colonization, and 
species trade-offs drive metacommunity dynamics. Here I focused on seasonal dynamics within one 
wetland, where I fit theoretical metacommunity models to field data to elucidate which mechanisms may 
be most important for creating the observed trematode metacommunity dynamics. My fourth chapter will 
evaluate the importance of outside dispersal to trematode metacommunities at the metacommunity scale. 
Here I investigate how avian host abundance and richness is related to trematode richness and abundance 
in freshwater snails, representing dispersal processes at six interconnected wetlands. My fifth and final 
research chapter will scale up again, focusing on landscape level metacommunity dynamics (aggregated 
within wetlands) and the effects of local and regional processes on metacommunity structure. Here I used 
a field survey for trematode infections in H. trivolvis from 120 wetlands to test both patterns and 
processes affecting trematode metacommunities on the regional scale. Lastly, the sixth chapter will end 
with general conclusions about trematode metacommunities across scales, future directions, and 
implications for both metacommunity and disease ecology. 
 
Figure 1.1: Diagram showing the three 
biologically relevant spatial scales for 
parasite infections. A trematode infection 
within a snail host represents a 
community, while all trematode infections 
within a wetland represent the parasite 
metacommunity and local scale. Lastly, 
wetlands across the landscape that are 
connected by dispersal represent the 
landscape and regional scale. 
CHAPTER 2 
INFESTATION WITH AN ANNELID (CHAETOGASTER LIMNAEI LIMNAEI) REDUCES 
INFECTON BY A TREMATODE (ECHINOSTOMA TRIVOLVIS) IN A FRESHWATER SNAIL 
(HELISOMA TRIVOLVIS). 
 
Abstract 
 Coinfection with multiple symbiotic organisms can affect the population dynamics of symbionts 
and hosts leading to potential changes in symbiont transmission. Chaetogaster limnaei limnaei, an annelid 
commensal of freshwater snails, can reduce and sometimes even inhibit infection of a variety of 
trematodes with implications for transmission to downstream hosts such as amphibians for Echinostoma 
trivolvis. In a 15 week mesocosm study, we added C. l. limnaei and eggs of the trematode E. trivolvis to 
populations of the ram’s horn snail, Helisoma trivolvis, to determine how they would affect each other’s 
transmission success, infection prevalence, and intensity (number of C. l. limnaei or E. trivolvis rediae per 
snail). We used a combination of generalized linear models and generalized linear mixed models with 
either binomial or negative binomial distributions to incorporate the spread of C. l. limnaei among 
treatments and handle the low infection success of E. trivolvis. After correcting for mesocosm level 
prevalence of each symbiont, we found that the timing of C. l. limnaei infestation was marginally 
positively correlated with E. trivolvis prevalence and infection success while being significantly 
positively correlated with E. trivolvis redial intensity, suggesting that earlier C. l. limnaei infestation 
resulted in lower E. trivolvis infections. No relationship between E. trivolvis rediae and C. l. limnaei 
intensities was found. These results have implications for trematode transmission, and future studies 
should explore both the timing of C. l. limnaei populations and trematode infections in freshwater snails 
to determine the degree to which C. l. limnaei affects trematode transmission in the field. 
Introduction 
  Increasing recognition of the host as a biome of interacting micro- and macro- organisms has led 
to a wealth of recent coinfection studies (Jackson et al. 2006, Graham 2008, Fenton 2008). Coinfection 
can lead to facilitation or exclusion of invading parasites through two main mechanisms: direct species 
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interactions for resources (i.e. competition or predation) or indirect interactions mediated by the immune 
system (i.e. facilitation or cross-immunity) (Pedersen and Fenton 2007). For example, predation by 
trematode rediae directly reduced the abundance of a nematode in the snail Helisoma anceps 
(Zimmermann et al. 2011), while infection with gastrointestinal nematodes facilitated the invasion of a 
bacterial infection, tuberculosis, in African buffalo (Syncerus caffer) by suppressing the immune system 
(Ezenwa et al. 2010). These species interactions have consequences for transmission, host disease 
outcomes, and population level disease dynamics (Lello et al. 2004, Abu-Raddad et al. 2006). While some 
progress has been made in predicting the outcomes of coinfection dynamics (Graham 2008), additional 
studies that use a wider diversity of symbiotic types and representative taxa are needed. 
 Chaetogaster limnaei limnaei, a symbiotic annelid of freshwater snails, interacts with the larval 
stages of digenean trematodes, often reducing transmission success (Rodgers et al., 2005; Stoll et al., 
2013; Wojdak et al., 2013; Figure 2.1). Stoll et al. (2013) documented that Chaetogaster limnaei limnaei 
lives on the mantle of freshwater snails and can have negative impacts on the snails’ reproduction and 
growth at high densities. However, C. l. limnaei can also have positive, protective effects for snails. For 
example, C. l. limnaei infestation reduced infection success of Schistosoma mansoni miracidia (free-
swimming stages that infect aquatic snails) through direct predation in the snail Biomphalaria glabrata 
(Michelson 1964, Rodgers et al. 2005). Similarly, Ibrahim (2007) found that C. l. limnaei did not coexist 
with the community of trematodes infecting five snail species, suggesting a protective effect against 
initial infection.  Because trematodes usually castrate their mollusk hosts, prevention of infection by 
invading miracidia has important fitness implications for snails (Lafferty 1993, Lafferty and Kuris 2009, 
McKoy et al. 2011). 
 Additionally, C. l. limnaei has been shown to prey on a wide variety of trematode cercariae (free-
living stage produced within snails that infect the next host in the lifecycle), potentially affecting parasite 
transmission success to downstream hosts (Fried and Peoples 2008, McKoy et al. 2011, Wojdak et al. 
2013). For instance, Wodjak et al. (2013) in a laboratory experiment showed that C. l. limnaei infested 
snails had reduced re-infection by the cercariae of a trematode, E. trivolvis, when at least one C. l. limnaei 
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was present (dropping from 25% successful encystment in uninfested snails to 8.1% in infested snails). 
Fernandez et al. (1991) showed increased population sizes of C. l. limnaei in trematode infected snails 
both in the laboratory and in the field, suggesting that cercariae may be an important prey resource for 
this symbiotic species (see also Fried and Peoples, 2008). Thus far, however, most of the research on C. l. 
limnaei and trematode interactions involve either very controlled experimental studies (Rodgers et al. 
2005, Zimmermann et al. 2011, Wojdak et al. 2013) or field observations (Fernandez et al. 1991, Ibrahim 
2007, Fried and Peoples 2008, McKoy et al. 2011), leaving open the question of how reductions in 
trematodes species by a symbiotic predator scale under more realistic experimental conditions. Mesocosm 
studies can provide a more realistic investigation of how C. l. limnaei affects trematode infection and 
transmission than laboratory studies, while still providing a controlled environment. 
 Echinostoma trivolvis is a trematode that is widespread across the United States (Johnson and 
McKenzie 2009) and has a three host life cycle involving freshwater snails in the genus Helisoma as first 
intermediate hosts, fish, turtles, or amphibians as second intermediate hosts, and birds or mammals as 
definitive hosts (Kanev et al., 1995; Figure 2.1). Amphibians are particularly susceptible to E. trivolvis, 
which encysts in the kidneys of tadpoles and can 
cause edema, renal failure, and at high intensities 
may reduce survival (Schotthoefer et al. 2003, 
Johnson and McKenzie 2009). Pathology is not 
restricted to amphibians, as the redial stages of E. 
trivolvis castrate the snail and can re-infect host 
snails with metacercariae, which encyst in the 
pericardial sac and posterior kidney leading to 
higher mortality rates with increased re-infection 
(Kanev et al., 1995; K. Richgels, unpublished). 
Echinostoma spp. cercariae are preyed upon by C. 
Figure 2.1: Two symbiont species, the parasitic 
trematode Echinotoma trivolvis and the commensal 
Chaetogaster limnaei limnaei, may affect each 
other’s growth and transmission. Here we show E. 
trivolvis rediae isolated from the host snail gonad 
tissue (A), and eggs isolated from hamster feces 
(B) and C. l. limnaei isolated from the mantle of 
the host snail (C), and on the mantle of an infested 
Helisoma trivolvis snail (D).  
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l. limnaei, providing some protection from re-infection (Fried and Peoples 2008, Wojdak et al. 2013). 
Also, Zimmerman et al. (2011) found that C. l. limnaei was less likely to occur with E. trivolvis rediae 
(stage that develops asexually to fill the gonads of the host snail) in the field than expected given random 
assortment, but that C. l. limnaei was more likely to occur in snails infected by E. trivolvis metacercariae 
(stage that infects the 2nd intermediate host), suggesting a protective effect from initial infection with 
miracidia but perhaps also a positive effect of metacercariae on C. l. limnaei populations. While it has 
been demonstrated that C. l. limnaei may predate on cercariae of E. trivolvis (Fernandez et al. 1991), the 
relationship between infection of E. trivolvis miracidia,  rediae in the host snail, and C. l. limnaei 
infestation has yet to be experimentally studied. 
 Using a mesocosm study, we aimed to determine the interaction between C. l. limnaei infestation 
and infection of E. trivolvis miracidia, intensity (number of rediae), and production of cercariae, with 
implications for transmission to amphibian populations. We expected that in treatments with both E. 
trivolvis and C. l. limnaei, we would see reduced infection success of E. trivolvis owing to predation by C. 
l. limnaei, and a positive correlation between E. trivolvis rediae that were producing cercariae and C. l. 
limnaei populations due to increased food availability (cercariae). However, over the course of the 
experiment, C. l. limnaei colonized all treatments, E. trivolvis infection success was low, E. trivolvis 
infections remained immature (thus never releasing cercariae), and overall snail mortality was high, so we 
adjusted our analysis to investigate how E. trivolvis infections were affected by the intensity and timing of 
infestation with C. l. limnaei and vice versa. We used generalized linear mixed models nested by 
mesocosm, which is a powerful and flexible statistical framework to test parasite species interactions 
(Fenton et al. 2010), and can also account for the observed high variability between mesocosms. With the 
adjusted analysis, we expected that coinfection of C. l. limnaei would reduce infection success and 
intensity of E. trivolvis infections in H. trivolvis and thus, by definition, reduce potential transmission to 
amphibians. 
Methods 
Experimental design 
10 
 
 We established 26 mesocosms, which were randomly assigned treatments of C. l. limnaei (7 
mesocosms), E. trivolvis (9 mesocosms), or both symbionts (11 mesocosms), within the University of 
Colorado Ramaley Greenhouse. The mesocosms were 68 L plastic bins (60.5 x 40 x 42 cm) that had ~2.5 
cm of playground sand as substrate. We filled the bins ¾ full with tap water and allowed them to 
dechlorinate for 48 hours. We then inoculated the bins with 150 ml of concentrated zooplankton and algae 
collected from established long-term outdoor mesocosms. We also added 3.6 g of rabbit chow to each 
mesocosm to provide sufficient nutrient resources. Because the mesocosms previously housed an ostracod 
known to irritate and negatively impact Helisoma trivolvis (Lo 1967), two mosquitofish (Gambusia 
affinis) were added to each mesocosm to control ostracod numbers. The mosquitofish were not observed 
harming or harassing snails, thus we assumed they had little impact on E. trivolvis or C. l. limnaei 
transmission (but see further evaluation of this assumption in the discussion).  
 We collected and pooled field-caught H. trivolvis from three locations that have historically had 
very low trematode prevalence and are C. l. limnaei free: two sites in Santa Clara county, California 
(n=300) and one pond near Boulder, Colorado (n=750). Helisoma trivolvis were identified based on 
Hubendick (1955) and verified by an expert (personal communication, R. Dillon). While genetic work is 
lacking for Helisoma sp., it is broadly accepted that pulmonate pond snails in the United States are 
broadly distributed and have high phenotypic plasticity (Brown et al. 1998, Wethington and Lydeard 
2007, Hoverman and Relyea 2009), making it likely that snails collected in similar habitats within a 
narrow size range in California and Colorado are the same species. A subset of snails (n=500) was placed 
in 50 ml centrifuge tubes and checked twice over 24 hours for the release of cercariae indicative of 
trematode infections. Another subset (n=50) were checked visually using a dissecting microscope for C. l. 
limnaei infestations. We used a smaller subset of snails to check for C. l. limnaei infestations because they 
have a direct life cycle and occur at much higher prevalence than trematode infections (Fernandez et al. 
1991, Ibrahim 2007). No snails in the selected subsets were found to have infections with either 
trematodes or C. l. limnaei; thus it was assumed that the snails had non-existent or at least very low 
infection prevalence at the start of the experiment. We added 35 H. trivolvis, which falls within the 4th 
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quartile of observed field densities (K.L.D. Richgels and P.T.J. Johnson unpublished; (Johnson et al. 
2013a, 2013b), ranging from 10-15 mm shell length to each mesocosm two days after the addition of 
zooplankton and algae.  
 To introduce infestations by C. l. limnaei, we added 3 field-caught and C. l. limnaei infested H. 
trivolvis with infestation verified and enumerated by visual examination (average intensity 7.32 ± 4.87 
(SD); Gruffydd, 1965)). Infested snails were collected from Washington county, Oregon (n=28) or Santa 
Clara county, California (n=21). Although infested snails were collected from different sites, there is little 
known variation in C. l. limnaei and we randomized snail addition to negate any effects of population 
origin. To maintain even densities across treatments, we added 3 laboratory raised and uninfested H. 
trivolvis to treatments without C. l. limnaei.  
  We maintained the life cycle of E. trivolvis in the laboratory by infecting three Rana catesbeiana 
tadpoles with 50 cercariae collected from field-caught, E. trivolvis infected snails from Santa Clara 
County, California with identification following Fried and Graczyk (2004) and Kanev et al. (1995). We 
infected three golden Syrian hamsters (Mesocricetus auratus) as surrogate definitive hosts by feeding 
them metacercariae isolated from the infected tadpoles after 48 hours. After two weeks, hamsters were 
moved to cages with a drop bottom that was lined with wet paper towels. Eggs were isolated from the 
feces of these hamsters by passing the collected fecal material through a sieve series. We estimated egg 
densities by counting 5 aliquots of 40 µL at x200 magnification.  For treatments with E. trivolvis we 
added 0.21 mL of sieved fecal material, which equates to 878.85 ± 132.67 (SD) eggs per mesocosm or 
23.13 ± 3.49 (SD) eggs per snail. To negate the effect of added nutrients, we added 0.21 mL of uninfected 
sieved hamster feces to mesocosms without E. trivolvis. We added the eggs to the mesocosm without 
incubation, allowing them to develop in situ in the warm atmosphere of the greenhouse (daily water 
temperature at the beginning of the experiment was 20-25 ºC, but fell to below 14 ºC in late fall). Based 
on the literature, this probably required 13 to 34 days for hatching of E. trivolvis miracidia to occur 
(Belden et al. 2009) with an additional 28 to 63 days for E. trivolvis rediae to develop and produce 
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cercariae (Paull and Johnson 2011); thus the experiment duration was set for 91 days starting August 28th 
and ending November 30th, 2012.  
 Mortality, reproduction, and infection status of H. trivolvis were monitored weekly. We 
enumerated snail egg masses deposited on the sides of the mesocosms to quantify reproduction and 
counted and dissected dead snails to quantify mortality and check for infection (although rapid 
decomposition often precluded an accurate assessment of infection status). Additionally, starting at 28 
days post parasite addition and continuing weekly for the duration of the experiment, we placed a subset 
of snails (n=15) from each mesocosm individually in 50 ml centrifuge tubes filled with 40 ml of 
mesocosm water for 6 hours (8:30 - 14:30) to quantify parasite infections. Both C. l. limnaei and E. 
trivolvis can be found in the water around infected snails allowing us to monitor both infections in H. 
trivolvis. After returning snails to their respective mesocosms, vials were either visually examined (E. 
trivolvis cercariae and C. l. limnaei can be seen with the naked eye) or stored in the fridge for 12 hours 
before their contents were either enumerated using a stereo dissecting microscope or preserved for later 
examination in 70% Ethanol, depending on personnel and time constraints.  
 Because C. l. limnaei consume medium to small zooplankton (Streit, 1977), we measured 
zooplankton diversity of each mesocosm as a potential cofactor for C. l. limnaei infestations. On day 56, 
we preserved the 40 ml water samples from the centrifuge vials used to check snails for infection in 70% 
ethanol for later enumeration of their zooplankton communities. We chose to use the water from the 
centrifuge vials for the zooplankton sample because C. l. limnaei would only be able to eat zooplankton 
that congregates near or in the snail shell. Using a stereo dissecting microscope, the zooplankton 
community was identified to the furthest taxonomic extent possible, usually genus or family except for 
ostracods, copepods, and dipterans, which were left at the class, subclass, or order respectively 
(Ostracoda, Copepoda, Diptera). We characterized the zooplankton community with Shannon’s diversity 
index as opposed to abundance or biomass because the main group present were ostracods (present in all 
tanks and constituted 47% of zooplankton across all mesocosms), which are presumably unavailable for 
consumption by C. l. limnaei (Streit, 1977); thus the diversity and evenness of other zooplankton groups 
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were better indicators of available food sources than summed abundance or biomass alone. Though we 
measured larger zooplankton, we assumed that higher diversity at these levels represented higher diversity 
of the overall zooplankton community. 
 After 70 days Colorado experienced a prolonged and unusual cold snap with four consecutive 
days of overnight temperatures below 0 ºC, which drastically reduced the greenhouse temperatures to 
below the threshold for a closely related trematode to produce cercariae (Paull and Johnson 2011). 
Because snails had not yet produced cercariae, we assumed that the infections were still immature and 
needed more time to develop before destructive sampling. Thus, we moved all the snails from the 
mesocosms into the laboratory and housed in 2.25 L plastic containers to give them additional time to 
develop infections. Because H. trivolvis sometimes experiences high mortality when moved between 
housings (K. Richgels, personal observation), we dissected 10 snails or half of the remaining snails (if 
less than twenty remaining) from each mesocosm. We then dissected all remaining snails on day 91 of the 
experiment to determine whether they were infected with C. l. limnaei or E. trivolvis rediae. We did not 
enumerate E. trivolvis metacercariae within the snails, as the snails were field-caught so uninfected status 
prior to the experiment could not be verified. Because moving H. trivolvis to a warmer, denser location 
such as the laboratory may have affected C. l. limnaei population growth, we ran the analysis both with 
the subset of snails dissected at 70 days and the full dataset. Results were similar (data not shown), so we 
combined the two dissection time points (70 days and 91 days) in the subsequent analysis. 
Data analysis 
 The experiment had several major unforeseen complications. Chaetogaster limnaei limnaei 
eventually colonized all mesocosms, while E. trivolvis had limited infection success and never matured to 
producing cercariae. Additionally, H. trivolvis had high mortality throughout the experiment. However, 
we can still draw some inferences from the resulting data. We limited the analysis to snails that were 
exposed to both infections, though not necessarily infected, and snails that were collected and dissected 
while alive because C. l. limnaei degraded quickly and was not reliably found in dead snails. Thus, we 
included all snails from the 20 mesocosms (E. trivolvis or both symbiont treatments) that were exposed to 
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E. trivolvis and survived to the days of dissection (N = 302). Two snails were removed because of 
outlying E. trivolvis rediae counts (1500 and 750, where the average was 24.5 rediae per infected snail), 
which were assumed to have been infected but not producing cercariae prior to collection from the field. 
We used this reorganized data to explore two levels of possible interactions: 1) the effects of one 
symbiont on the others mesocosm-level prevalence modeled with a binomial generalized linear model 
(GLM) and 2) the effects of one symbiont on the others individual-level infection and intensity modeled 
with a binomial or negative binomial generalized linear mixed effects model (GLMM) with a random 
effect of mesocosm. We chose not to use a hurdle or zero truncated model to explore infection intensities 
because that assumes that the processes that affect establishment (infection) are different from those that 
affect proliferation (intensity), and we expected similar processes to affect both infection and intensity. 
Additionally, we used ANOVA and post hoc Tukey’s tests to test for effects of treatment on snail 
population metrics and zooplankton diversity. All analyses were completed using the glmmADMB 
package in R 3.0.1 (Fenton et al., 2010; Fournier et al., 2012; Skaug et al., 2013). We tested the fit for 
overdispersion using Pearson’s χ2 with adjusted degrees of freedom for GLMM models (R code at 
http://glmm.wikidot.com/faq, accessed 7/18/2013).  
 We used five mesocosm level and one individual level variable as correlates for both E. trivolvis 
and C. l. limnaei prevalence, infection, and intensity. We included the day of first detection of C. l. 
limnaei in all models and zooplankton diversity in all C. l. limnaei models as important mesocosm-level 
covariates.  For mesocosm-level analyses we included treatment as an explanatory variable, but it was 
non-significant so was removed for the individual level analyses. For individual snail analyses, we 
controlled for variation in mesocosm-level infection prevalence by including species-specific mesocosm 
prevalence as a cofactor. To test for species interactions at the mesocosm level (E. trivolvis and C. l. 
limnaei prevalence), we included the other species prevalence as an explanatory factor; while for 
individual level analyses (E. trivolvis and C. l. limnaei infection and intensity) we used the other species 
infection intensities per snail as explanatory factors (Table 2.1). 
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Variable Level N Average 
Std. 
Dev. Range 
Mesocosm Mesocosm 26  -   -   1 – 26 
E. trivolvis Redial Intensity Individual 302 1.46 9.38  0  - 100 
  infected only Individual 18 24.50 30.99  1 - 100 
C. l. limnaei Intensity Individual 302 11.04 13.74  0 – 93 
  infested only  Individual 265 12.99 13.99  1 – 93 
E. trivolvis Prevalence Mesocosm 26 0.03 0.03  0 - 0.12 
  exposed mesocosms only Mesocosm 20 0.05 0.03  0 - 0.12 
C. l. limnaei prevalence Mesocosm 26 0.89 0.14  0.46 - 1 
  exposed mesocosms only Mesocosm 20 0.89 0.15  0.47 - 1 
Day of first C. l. limnaei detection Mesocosm 26 45.50 13.02  28 - 77 
  exposed mesocosms only Mesocosm 20 46.55 13.30  28 - 77 
Zooplankton Diversity Mesocosm 26 0.56 0.38  0 - 1.35 
  exposed mesocosms only Mesocosm 20 0.61 0.40  0 - 1.35 
Results 
 Helisoma trivolvis had high mortality related to treatment (mean = 69% ± 19% standard deviation 
(SD); ANOVA P = 0.04) with highest average mortality in the combined symbiote treatment (79%), and 
lowest in the E. trivolvis only treatment (56%; Figure 2.2). Of the original 988 snails, 384 survived until 
dissection, of which 18 of the snails exposed to E. trivolvis eggs (N = 302) developed rediae (6%) and 
338 had C. l. limnaei (88%). Snail populations had low reproduction in the mesocosms, which was 
marginally related to treatment (ANOVA P = 0.09), averaging 5.6 ± 7.4 SD egg masses per mesocosm 
over the course of the experiment (Figure 2.2). For the following analyses, we used all 26 mesocosms in 
the mesocosm-level analyses but focused on the 20 mesocosms and 302 H. trivolvis that were exposed to 
both symbionts for the individual-level analyses.  
 The average mesocosm prevalence of E. trivolvis was 5% (0.05 ± 0.03 SD) and infections 
occurred in 13 out of 20 exposed mesocosms. The intensity of E. trivolvis infections averaged 24.5 ± 
30.99 SD rediae and no snails were releasing cercariae at the time of dissection, indicating that the 
infections were still relatively immature. Echinostoma trivolvis prevalence was significantly related to 
Table 2.1: Summary of the variables used in the analysis of Chaetogaster limnaei limnaei and Echinostoma 
trivolvis prevalence, infection success, and intensity. For each variable, we provided the level it was 
collected at (level), sample size (N), average, standard deviation (st. dev.), and range. We also provided 
summary statistics for infected snails only (N = 18 or 265) or the reduced explanatory variables that only 
included mesocosms that were exposed to both symbionts (N = 20). 
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treatment (ANOVA P = 0.006; Figure 2.2). A Tukey’s post hoc test showed that the significant difference 
was between the C. l. limnaei only treatment and the two E. trivolvis added treatments, which was 
expected because no E. trivolvis infections were found in the C. l. limnaei treatments. 
 Echinostoma trivolvis prevalence (mesocosm level) was marginally correlated with day to first 
detection of C. l. limnaei (GLM P = 0.07), but not correlated with treatment or C. l. limnaei prevalence 
(GLM P > 0.1) (Table 2.2). The two individual-level models had similar results with E. trivolvis infection 
and redial intensity positively 
correlated with E. trivolvis mesocosm-
level prevalence (GLMM infection P = 
0.03, GLMM intensity P = 0.04), and 
marginally to significantly related to 
day of first detection of C. l. limnaei 
(GLMM infection P = 0.09, GLMM 
intensity P = 0.02). The model for E. 
trivolvis intensity was not over 
dispersed, thus a zero-inflated term was 
not included in the negative binomial 
model (p = 0.99, χ2 = 200.9; negative 
binomial dispersion parameter = 
0.013109, std. error = 0.003495) (Table 
2.2). All models were a better fit for the 
data than intercept models (Burnham 
and Anderson, 2002; GLM prevalence 
∆AIC = 4.81; GLMM infection ∆AIC = 4.70; GLMM intensity ∆AIC = 2.10). Thus, it seems that while 
mesocosm level variation in infection success (E. trivolvis prevalence) was the most important factor in E. 
Figure 2.2: The effects of treatment on Echinostoma trivolvis 
prevalence (A), Chaetogaster limnaei limnaei prevalence (B), and 
Helisoma trivolvis mortality (C) and reproduction (Egg Masses; D). 
Note that C. l. limnaei colonized all treatments, thus C. l. limnaei 
prevalence had no difference among treatments. Treatment 
abbreviations and mesocosm sample sizes are C = C. l. limnaei only 
(N = 6), E = E. trivolvis only (N = 9), and EC = combined symbiont 
treatment (N = 11). Significant results (ANOVA P < 0.05) are 
indicated by letter differences. 
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trivolvis infection and redial intensity, we saw that where C. l. limnaei populations established earlier, we 
had a corresponding reduction in E. trivolvis prevalence, infection success, and intensity.  
 The average C. l. limnaei prevalence was 89% (0.89 ± 0.14 SD) with no difference between 
mesocosms that were originally seeded compared to those that were naturally colonized (ANOVA P > 
0.1; Figure 2.2). The intensity of C. l. limnaei infestations (number of C. l. limnaei per snail) averaged 
12.58 ± 13.99 SD individuals. Chaetogaster limnaei limnaei infestations were first detected in individual 
mesocosms either by their presence on deceased snails or in the centrifuge vials as early as 28 days and as 
late as 77 days with an average of 45.5 days to first detection (Table 2.1), with no difference between 
seeded and non-seeded C. l. limnaei treatments (ANOVA P > 0.1). Zooplankton family richness ranged 
from 1 to 4 taxonomic groups with Ostracoda being the most abundant group (average abundance per 
mesocosm of 14.54 individuals), followed by Daphnia sp. (10.08 individuals), Simocephalus sp. (3.04 
individuals), and Chydoridae (2.24 individuals) with the remaining groups below 1; Sididae, Bosminidae, 
Chirocephalidae, Copepoda, and Diptera.  
 Chaetogaster limnaei limnaei prevalence was not related to any explanatory variables and the 
GLM model was a worse fit for the data than an intercept model (∆AIC = -5.56). In contrast, C. l. limnaei 
infection and intensity in individual snails was significantly related to mesocosm level C. l. limnaei 
prevalence (GLM P < 0.001), while C. l. limnaei intensity (number of individuals per snail) also showed a 
marginally positive relationship with zooplankton diversity (GLM P = 0.01, p = 0.003 respectively). 
There was no relationship to E. trivolvis prevalence or redial intensity (P > 0.1). The model for C. l. 
limnaei intensity was not over dispersed, so a zero-inflated term was not included in the negative 
binomial model (P = 1, χ2 = 33.53; negative binomial dispersion parameter = 1.88, std. error = 0.79) 
(Table 2.2). The models were a better fit for C. l. limnaei infection and intensity than an intercept model 
(GLMM infection ∆2.1; GLMM intensity ∆3.6). Thus, while C. l. limnaei prevalence was not related to 
any factors, C. l. limnaei infection and intensity was most related to C. l. limnaei mesocosm prevalence, 
indicating that variation in the proportion of hosts infested affected transmission and population growth. 
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Discussion 
 We experienced unexpected challenges related to the high transmissibility of C. l. limnaei among 
mesocosms and low infection success of E. trivolvis, which limited our ability to explicitly test our 
original hypotheses. Though we only added C. l. limnaei to 18 mesocosms, by the end of the experiment 
it had spread to all treatments. Also, E. trivolvis had low infection success with only 5% infection in 
exposed mesocosms and never matured to producing cercariae. Nonetheless, by looking at variation in the 
timing of C. l. limnaei arrival, E. trivolvis and C. l. limnaei mesocosm-level prevalence, and individual-
level infection success and intensity we were able to use a post-hoc analysis to explore symbiont 
interactions.  
 With this adjusted analysis, once we controlled for mesocosm level variation in prevalence, there 
was evidence of a potential protective effect of C. l. limnaei on E. trivolvis colonization. This is supported 
by the day of first detection of C. l. limnaei infestation being positively correlated with E. trivolvis 
prevalence, infection success, and redial intensity, and C. l. limnaei intensity being marginally positively 
correlated with only E. trivolvis infection. This suggests that earlier C. l. limnaei infestation and higher C. 
l. limnaei intensity reduced the success of colonizing E. trivolvis miracidia. Because E. trivolvis infections 
were immature and not producing cercariae as a supplemental food source, the results matched our 
expectations that Chaetogaster limnaei limnaei populations would be unrelated to E. trivolvis prevalence 
Symbiont Species Intercept Prevalence Other Species 
Measure
Day of C. l. 
limnaei detection
Zooplankton 
Diversity
Treatment Model Type Distribution ∆ AIC
E. Trivolvis
Prevalence  -22.19 ± 4724.27  -- 0.25 ± 0.29 0.44 ± 0.25  -- 19.9776 ± 4724.27 GLM Binomial 4.82
Infection  -3.08 ± 0.32 0.56 ± 0.25 0.36 ± 0.21 0.44 ± 0.26  --  -- GLMM Binomial 4.70
Redial Intensity  -0.61 ± 0.49 1.07 ± 0.52 0.68 ± 0.52 1.75 ± 0.77  --  -- GLMM Neg. Binomial 2.10
C. l. limnaei
Prevalence  -0.07 ± 0.19  -- 0.04 ± 0.10 0.00 ± 0.09 0.02 ± 0.09  -0.08 ± 0.24 GLM Binomial -5.58
Infection 2.55 ± 0.68 0.55 ± 0.16 0.13 ± 0.21 0.13 ± 0.21 0.05 ± 0.21  -- GLMM Binomial 5.40
Intensity  -0.58 ± 0.91 3.68 ± 0.87  -0.02 ± 0.01  -0.02 ± 0.01 0.65 ± 0.34  -- GLMM Neg. Binomial 7.50
Model InformationExplanatory VariablesResponse Variables
Table 2.2: Standardized coefficients with standard error for Echinostoma trivolvis and Chaetogaster limnaei 
limnaei prevalence, infection success, and intensity. The explanatory variables were their own mesocosm level 
prevalence (Prevalence), the other symbiont species mesocosm level prevalence or individual level intensity 
(Other Species Measure), day of C. l. limnaei detection, zooplankton diversity, and treatment. The model type, 
distribution, and change in AIC from the intercept model (∆AIC) are included on the right side for each response 
variable.  Dashes indicate that the explanatory variable was not included in that model, while bold indicates P < 
0.05 and italics indicates P < 0.1. 
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or redial intensity. Additionally, zooplankton diversity was marginally related to increased C. l. limnaei 
intensity per snail indicating the possible role of available food sources to C. l. limnaei population size. 
 Echinostoma trivolvis had low infection success, perhaps as a result of protective effects of C. l. 
limnaei, although we could not thoroughly evaluate this hypothesis owing to the contamination of our 
control mesocosms with C. l. limnaei. Indeed, E. trivolvis mesocosm level prevalence was positively 
correlated with day of C. l. limnaei detection, indicating that higher prevalence of E. trivolvis was attained 
in mesocosms that had later detection of C. l. limnaei populations (GLM, p < 0.001). A similar protective 
effect was reported by Rodgers et al. (2005) and Michelson (1964) using Schistosoma mansoni and 
Biomphalaria glabrata. There are three other possible explanations for the low infection success of E. 
trivolvis. First, the eggs may have been of poor quality or were infected with a fungus or bacteria that 
reduced hatching success, though this seems unlikely as the fecal material was collected, sieved, and 
added to the mesocosms within two weeks and other studies have had fairly high hatching success with 
much older eggs (Davis 2005). Second, the eggs may have fallen prey to zooplankton and Gambusia 
affinis once added to the mesocosms, thus drastically reducing their density. Again, this seems less likely 
as such predation is undocumented in the literature (Mansfield and McArdle 1998). Third, the eggs may 
have been added at a density that was too low for miracidia to effectively find snail hosts. This is feasible 
as miracidia have a short timespan to locate a host, eggs were added in a small volume of concentrated 
fecal material, and we used a relatively large volume of water (68 L), though again it would not explain 
the relationship between E. trivolvis prevalence and later detection of C. l. limnaei. Most likely, a 
combination of the aforementioned mechanisms and some degree of interaction with C. l. limnaei 
infestation led to the low infection prevalence of E. trivolvis. Future studies should aim to quantify the 
role of different mechanisms in moderating transmission and infection success between C. l. limnaei and 
trematode infections. 
 We found no effect of intensity of infestation of C. l. limnaei on E. trivolvis redial intensity, 
perhaps because C. l. limnaei’s protective effect was related to prevention of infection by miracidia and 
did not affect asexual reproduction of rediae within the snail host after infection. Additionally, because E. 
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trivolvis infection would have occurred between days 14 and 35 (Kanev et al. 1995, Belden et al. 2009) 
but C. l. limnaei intensity was determined on days 70 and 91, the collection of these two variables was 
temporally separated. The importance of day of C. l. limnaei detection for E. trivolvis prevalence and 
infection success may have better captured the time element needed for a protective effect of C l. limnaei 
on E. trivolvis. Because C. l. limnaei and most trematode species have strongly seasonal dynamics 
(Young 1974, Fernandez et al. 1991, Ibrahim 2007) and the quantity of trematode eggs being added to 
most systems is unknown, there is too much uncertainty to extrapolate the importance of C. l. limnaei in 
reducing transmission of trematodes in the field. Future studies should consider manipulating timing of 
infection and trematode doses to determine whether C. l. limnaei could significantly reduce transmission 
and abundance of trematode infections in mollusks and downstream hosts. 
 The prevalence and intensity of E. trivolvis infections was not related to the intensity of C. l. 
limnaei. This is contradictory to the findings of Fernandez et al. (1991) who found increased numbers of 
C. l. limnaei on E. trivolvis infected snails. However, they measured field caught snails with mature E. 
trivolvis infections and related the increased intensity of C. l. limnaei to E. trivolvis cercariae providing 
additional food resources to C. l. limnaei populations. Though we isolated snails weekly, no cercariae 
were released, and E. trivolvis infected snails had immature rediae and were not yet producing cercariae 
when dissected. Though other studies have reported predation of C. l. limnaei on cercariae, we did not 
observe this phenomenon (Fried and Peoples 2008, McKoy et al. 2011). While the potential that C. l. 
limnaei could reduce transmission to the second intermediate or definitive host of trematode species 
through ingestion of cercariae is an attractive idea, further research is needed to quantify if and how many 
cercariae C. l. limnaei could consume and whether there is a saturation effect that reduces the 
effectiveness of C. l. limnaei in reducing transmission to downstream hosts (but see Hopkins et al., 2013). 
 The intensity of C. l. limnaei infestations were also potentially influenced by zooplankton 
diversity. Replicates with a wider diversity of zooplankton had potentially more food available for C. l. 
limnaei populations, because they had higher abundances of non-ostracod groups. The relationship 
between food sources and C. l. limnaei populations is mainly unexplored, though Fernandez et al. (1991) 
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and Hopkins et al. (2013) saw increased reproduction and intensity of infection of C. l. limnaei in the 
presence of mature trematode infections producing cercariae. 
 The strongest predictor of infection intensity for both species was their mesocosm level 
prevalence, which captured unmeasured variables affecting infection success. One potential factor could 
be variance in water chemistry or zooplankton and other microbial community composition, as parasite 
transmission of free-living helminth stages and presumably dispersing C. l. limnaei individuals are 
vulnerable to water chemistry and biotic factors such as predation (Pietrock and Marcogliese 2003, 
Thieltges et al. 2008). The mesocosms also varied in their mortality rate, which could have affected the 
density and availability of H. trivolvis to infection with both C. l. limnaei and E. trivolvis. Though 
including mortality as a cofactor was non-significant for explaining C. l. limnaei or E. trivolvis prevalence 
(GLM, P > 0.1). Due to the amount of unknown variation within mesocosms and between individual snail 
infection levels, we chose to use a flexible and powerful statistics method, GLMM (as recommended by 
Fenton et al. (2010) for looking for macroparasite interactions) with mesocosm as a random factor, and 
feel confident that even with the high level of unknown variation our results are still fairly robust. 
 Because the mesocosms had G. affinis to control predacious ostracods, it is possible that they 
could have consumed C. l. limnaei and affected snail behavior. However, several lines of evidence 
suggest that they had a negligent effect on both snails and C. l. limnaei populations. First, the mesocosms 
had ample available zooplankton, including very high numbers of ostracods, which are easy for visual 
fish predators to consume. Second, C. l. limnaei was quite successful, reaching 100% infection prevalence 
in a few mesocosms and an average intensity per snail of 11.3 across all tanks. Third, we never witnessed 
mosquitofish interacting with the snails or typical damage from mosquitofish such as missing tentacles. 
Lastly, we tried to standardize the effects of mosquitofish by using two small and roughly similar sized 
fish (10-35 mm at addition).  
 C. l. limnaei may provide protective effects from E. trivolvis miracidia infection in H. trivolvis, 
perhaps through direct predation on infecting miracidia (Michelson 1964, Rodgers et al. 2005). 
Additionally, we showed that the timing of C. l. limnaei infestation relative to E. trivolvis infection will 
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partially determine the magnitude and effectiveness of C. l. limnaei in protecting mollusks from 
trematode infections. These results have implications for both E. trivolvis transmission in C. l. limnaei 
infested water bodies and downstream amphibian infections, but also more broadly to economically 
important trematode diseases such as Schistosomiasis, which infects more than 200 million people 
globally (WHO Fact Sheet, 2013). We provide another example of how symbiotic organisms may interact 
to affect each other’s dynamics, continuing the recent emphasis on understanding how symbiotic 
organisms interact to determine disease. 
 
  
CHAPTER 3 
INTEGRATING METACOMMUNITY MODELS WITH FIELD-COLLECTED INFECTION DATA 
TO ELUCIDATE FACTORS DRIVING DEPAUPERATE PARASITE COMMUNITIES 
 
Abstract 
 Metacommunity theory has advanced our understanding of the mechanisms maintaining species 
diversity, yet empirical studies that test the predictions of theoretical metacommunity models are still 
lacking. Patch dynamics, which assumes that patches are identical and local dynamics occur within a 
single time step, can be used to understand parasite systems. Here, we built a basic patch dynamic model 
based on a five species community of trematodes in freshwater snails. We then built five local model 
variations based on species interaction rules (e.g. differing competitive rankings) and three regional 
models allowing variations in species traits. We fit and optimized the models to three years of trematode 
infection data in Helisoma trivolvis from April until October at a Minnesota wetland using negative log 
likelihood and selected the best-fitting models based on AICc. We found that the isolation model, where 
new infections came solely from susceptible snails unless there were more infections than available 
uninfected snails, was the best-fitting local model for all three years. However, adding regional species 
traits variation improved the fit for each year, with all three models supported at least once across the 
three years, but differential mortality, where mortality rates varied by parasite species, was supported for 
two of three years. This led to the conclusion that multiple species traits most likely affected this 
metacommunity, and that variation in species traits was more important than local species interactions for 
this metacommunity. Surprisingly, we did not see any evidence of competition-species traits tradeoffs, 
perhaps because this metacommunity is experiencing high levels of outside colonization, suggesting mass 
effects. This study illustrates the insights gained by incorporating field surveys into metacommunity 
theory, for both free-living and parasite systems. 
Introduction 
 
 Metacommunity theory, which focuses on understanding the processes that affect a set of 
communities linked by dispersal (Leibold et al. 2004), has advanced our understanding of the mechanisms 
24 
 
maintaining species diversity (Chesson 2000, Amarasekare 2003). The main metacommunity paradigms 
(patch dynamics, species sorting, mass effects, and neutral), which fall along a continuum, vary in their 
emphasis on species interactions, environmental characteristics, and dispersal (Leibold et al. 2004, 
Holyoak et al. 2005, Logue et al. 2011). Additionally, incorporating both implicit and explicit spatial 
dynamics has led to the propagation of species coexistence hypotheses. For example, many theoretical 
coexistence mechanisms require tradeoffs between competitive ability and other functionally important 
species traits, such as productivity, colonization, dispersal, defense, response to heterogeneity, or 
disturbance (Chesson 2000, Amarasekare 2003, Viola et al. 2010). However, model predictions from 
theoretical metacommunities have outpaced empirical approaches for understanding metacommunity 
dynamics (Logue et al. 2011). While theoretical predictions have been tested with experimental 
microcosms (Kneitel and Miller 2003, Hunt and Bonsall 2009, Fukami et al. 2010, Livingston et al. 
2012), researchers often struggle to test theoretical metacommunity paradigms with field surveys 
(Amarasekare 2003, Cottenie 2005).  
 The patch dynamic framework provides a simplified view of metacommunities that is useful in 
confronting metacommunity predictions with field observations (Tilman 1994, Webb and Peart 1999, 
Nouhuys and Hanski 2002, Hugueny et al. 2007). Patch dynamics are based on the underlying assumption 
that species within a community are highly competitive, so in the absence of differences in species traits 
or dispersal they cannot coexist. The outcomes of competition do not necessarily follow a strict 
dominance hierarchy, but can vary with the order of community assembly or heterogeneity in abiotic and 
biotic conditions (Tilman 1977, Sih et al. 1985, Pacala and Tilman 1994, Hunt and Bonsall 2009, Levine 
and HilleRisLambers 2009). Because habitat patches are assumed to be identical, regional coexistence 
mechanisms involve species tradeoffs, compensatory mortality, or heterogeneity in species colonization 
or extinction rates (Connell 1978, Webb and Peart 1999, Yu and Wilson 2001). Beyond competitive 
communities, patch dynamic models have also been used to describe host-parasitoid and predator-prey 
systems (Taylor 1990, Hassell et al. 1994, Nouhuys and Hanski 2002).  
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 Many host-parasite systems, much like host-parasitoid systems, fit the assumptions of patch 
dynamics and can inform metacommunity theory (Mihaljevic 2012). Hosts represent habitat patches, 
providing fairly uniform habitat quality unless considering multiple host species, or hosts with strong age-
dependent immune systems. Dispersal among hosts is limited, or at least typically ignored, while 
colonization is equivalent to infection by a parasite species and extinction represents either recovery or 
mortality of the host. Additionally, each host represents a habitat patch for a parasite community; thus the 
parasite metacommunity occurs within the host population. However, there are several ways in which 
host-parasite systems differ from free-living metacommunity models (Kuris et al. 1980, Zelmer and Seed 
2004, Dove 2006). Animal hosts are mobile, and thus explicitly incorporating space is difficult, hosts are 
typically much shorter lived than habitat patches, such that colonization occurs on a much shorter time 
scale than in typical metacommunity studies, and new patches are created through host population 
dynamics, leading to potentially increasing or decreasing metacommunity size. Even with these 
differences, host-parasite systems provide several advantages for confronting metacommunity models 
with data over free-living systems. They often have lower and more tractable species diversity, allow for a 
large number of replicate communities collected from a small area (if the host is an invertebrate), and 
hosts have discrete boundaries for each parasite community. Using host-parasite systems to test 
predictions of metacommunity theory can lead to insight into both parasite ecology and metacommunity 
dynamics (Mihaljevic 2012).  
Here, we compared simulations of patch dynamic models to time series of field observations for a 
host-parasite system to determine the impacts of local species interactions and regional species trait 
tradeoffs to parasite metacommunity dynamics. We built a basic patch dynamic model where the outcome 
of competition was determined by “rules” and species only varied by the amount of outside propagules 
entering the system. In this way, we built five local models that varied by competition rules based on 
potential species interaction hypotheses; these were dominance hierarchy, priority effects, competitive 
ability based on species traits, isolation due to behavioral avoidance or heterogeneity in colonization 
pressure, and a null model of coexistence. We then developed three regional models allowing species 
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traits to vary, including species specific extinction rates, temporal lags in propagule additions, and 
positive feedbacks to colonization based on metacommunity abundance and average productivity, to test 
for hypothesized regional coexistence mechanisms. Because the regional species trait models still 
contained species interactions on the local scale, we nested each local competition model within the 
regional models (Table 3.1). We then fit each theoretical model to three time series of trematode 
infections in Helisoma trivolvis (rams horn snail) using negative log likelihood, selecting the best fitting 
model with Akaike’s Information Criterion (AIC). We expected that models combining a dominance 
hierarchy at the local scale with regional level species variation in productivity or mortality would best 
explain patterns of larval trematode infections in H. trivolvis, matching theoretical predictions of 
trematode species interactions and competition-species traits tradeoffs that lead to regional coexistence.  
Methods 
Host-parasite system 
Trematodes, which are multi-host flatworm parasites, are an interesting model system for testing 
species coexistence and metacommunity theory. Trematodes have complex life cycles, first infecting a 
mollusk, then an invertebrate, fish or amphibian, and lastly a vertebrate to complete their life cycle. 
Typically, trematodes of different species interact antagonistically within an individual snail host, such 
that they co-occur less often than expected due to chance (Kuris and Lafferty 1994, Lafferty et al. 1994) 
and exhibit many traits of highly competitive communities (Hechinger et al. 2011). Additionally, most 
trematodes reproduce asexually within the gonads of their mollusk hosts developing into mobile and 
predatory rediae or non-mobile sporocysts, which differ in their competitive ability (Kuris 1990). Rediae 
or sporocyst stages produce free-swimming parasite stages (cercariae) that are infectious to the next host 
in the life cycle, and represent productivity of the snail parasite stages that could potentially feed back 
into additional colonization. The ability to quickly monopolize the snail gonad makes the trematode-snail 
system a good approximation of complete competition, e.g. trematodes share the same limiting resource, 
and indicates that priority affects may be important for trematode communities (Lie 1973).  
Field survey  
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 To obtain data on trematode infections within a population of H. trivolvis (the trematode 
metacommunity), we surveyed Duck Pond roughly every two weeks from April until Oct in 2004 to 
2006. Duck pond is a 0.98 ha wetland divided from Duck Lake by a causeway and surrounded by 
suburban development in Eden Prairie, MN. It is highly eutrophic, fishless, and dominated by emergent 
vegetation. We collected H. trivolvis non-randomly by searching the coarse woody debris for a 
standardized unit of time of 100 person minutes at each visit. Because trematodes need both time to 
accumulate infections and snails with mature gonads, we only collected snails over 5 mm (K.L.D. 
Richgels unpublished). Collected snails were placed in 50 ml centrifuge tubes with 35 ml of pond water 
and checked at 12 and 24 hrs for free-living parasite stages. A subset of snails that did not release free-
living parasite stages was dissected under a stereo dissecting microscope to find immature infections. We 
identified parasites with a compound microscope using cercarial morphology according to published 
literature (Lang 1968, Brooks 1975, Schell 1985, Fried and Graczyk 2004, Johnson et al. 2004). Because 
one of the regional models relates trematode abundance and productivity to colonization, we also 
averaged the number of cercariae released from collected snails for each parasite species to estimate 
production of the trematode species within their host snails. Lastly, we used HOBO temperature loggers 
to record hourly water temperatures for the 2005 and 2006 sampling seasons. We did not have water 
temperature data for 2004, so we related max daily water temperature to max daily air temperature from 
the Minneapolis Airport using linear regression for both 2005 (y = 0.68x + 5.99, R2 = 0.88) and 2006 (y = 
0.63x + 7.52, R² = 0.84). We then estimated water temperature using the resulting average equations for 
2004 (y = 0.65x + 6.78), and actual equations for 2005 and 2006. 
Basic model 
 We developed a susceptible-infected-removed (S-I-R) model, which is similar to host-parasitoid 
patch dynamic models, for the snail population with species interaction rules for attempted co-infection, 
i.e. only one species could colonize a snail but that species could be displaced by a superior competitor 
(Figure 3.1). The trematode metacommunity was considered open with new populations (i.e. infections) 
arising due to outside propagules added to the metacommunity, similar to the assumption in island 
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biogeography of a mainland source for new colonization. This assumption aligns with the trematode-snail 
system as trematodes require multiple hosts to complete their life cycle and colonization occurs through 
the feces of their vagile vertebrate hosts. Trematode populations (i.e. infections) were removed from the 
metacommunity when their snail host died. We assumed the probability of snail mortality was dependent 
on population size and uniform for all snails regardless of infection status. From the field survey it was 
clear that the density of snails increased throughout each field season, so births did not equal deaths. To 
account for this, we multiplied the susceptible snail population (leaving out infected snails, which are 
castrated by trematode infections) by a fitted parameter, b, representing snail births. Because there was 
considerable uncertainty in the infection process and snail population dynamics, we incorporated 
stochasticity into both colonization and trematode extinction (snail mortality) rates.   
 The basic model form is as follows: 
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where t represents time (in days), S represents uninfected snails, and Ii represents snails infected with 
parasite species i. The matrix w with row i and column s represents whether a species can displace 
another species that has already established an infection.  In a two species community where species 1 
Figure 3.1: A box diagram of the basic 
susceptible (S), infected (I) removed (R) 
model developed for a trematode 
metacommunity of 5 parasite species within 
one snail population showing the main 
compartments and the parameters that 
determine how individual snails move 
between compartments.  The parameter E is 
the activation energy of the Van’t Hoff 
Arhenius equation that relates the number of 
infecting propagules to water temperature, and 
b is the birth rate of snails.  This diagram does 
not show the possible ways species can move 
between infected boxes, or any of the specifics 
of the regional models.  
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always displaces species 2, the matrix would be 
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w , indicating that species 1 infections will 
colonize and displace species 2 infections and similarly the transposed matrix would be 
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indicating that species 2 loses infections to species 1. In this way, infections in individual host snails can 
switch from an inferior competitor to a superior competitor. Mi represents the number of infectious 
propagules that find a host species i per day and is dependent upon the probability that a particular snail 
gets infected, p, and the number of infectious propagules hatching at the maximum temperature, mi. Mi is 
calculated through the following series of equations: 
( ) ( ) tNppf −−= 11      [2.1] 
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where Nt is the total snail population size at time t. We assumed that the number of infectious propagules 
entering the system per day was related to temperature, thus we modeled this non-linear relationship using 
the Van’t Hoff-Arhenius relation (/, where E represents a fitted parameter for activation energy, k 
represents the Boltzmann constant, 8.62x10-5, and T represents temperature in Kelvin), which assumes an 
exponential increase in biochemical reactions and metabolic rate with increasing temperature following 
Molnár et al. (2013). As the infection process has high variability and quite a bit of uncertainty, we 
incorporated stochasticity into the number of infectious propagules added to the system based on 
temperature, f(mi), with a Poisson process and the number of successful infections (colonization), Mi, with 
a binomial process. The mortality rate for snails, D, was estimated from the parameter, d, which is the 
probability a particular snail dies 
( ) ( ) tNddf −−= 11      [3.1] 
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where f(d) and f(p) represent power functions defining the probability that any snail dies or gets infected. 
Again, we incorporated stochasticity in the mortality process using a binomial process. Lastly, we added 
process error to the model to account for any missing or misrepresented processes, such as potential 
effects of non-host mollusk density or intermittent visitation by vertebrate hosts, 
( )1,~ eNε       [4.1] 
where the error, e, follows a normal distribution with standard deviation of 1.   
The candidate models  
 We built eight competing models based on biological hypotheses of local species interactions and 
regional species differences (Table 3.1). We built five variations on the basic model that set local rules by 
adjusting w based on the different species interaction hypotheses for larval trematode communities; these 
included a dominance hierarchy, where the best competitor always outcompeted those lower in rank, a 
species trait-based ranking, where species with rediae outcompeted those with sporocysts, priority 
effects, where the established infection dominates over new infections, isolation, where new infections 
avoid already infected snails unless there are more new infections than available uninfected hosts , and 
lastly coexistence that allowed for coinfection within individual hosts and no displacement due to 
competitive interactions. The isolation model converted to one of the interacting local models (dominance 
hierarchy, species traits, or priority effects) when the number of uninfected hosts was smaller than the 
number of successfully infecting propagules. This generated a total of seven local models.  
 We then created three additional models that allowed for variation in species traits on the regional 
scale. The first model allowed positive feedbacks to colonization from within the metacommunity based 
on the average number of free-living parasite stages produced and the number of infected snails for each 
species. This model allowed for a productivity-competition tradeoff coexistence mechanism and allowed 
for both internal and external sources of infectious propagules (productivity feedback). We also 
developed a model that allowed for variation in the parasite specific mortality rate, leading to the potential 
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for compensatory mortality coexistence mechanisms (differential mortality). The last regional model 
allowed for delays in species addition to the metacommunity, potentially providing temporal 
heterogeneity in colonization as a species coexistence mechanism (temporal heterogeneity) (the full 
mathematical description of these model variations can be found in Supplementary material). Because the 
regional models still depended on some amount of local dynamics, each regional model was run with the 
seven local models nested within. This generated a combined total of 28 possible models. The parameters 
we estimated from each model were mi, p, d, b, E, and e for a total of 8-11 parameters for local models 
depending on the number of parasite species in the metacommunity, which ranged from 3 to 5. Regional 
models added an additional parameter (βi for productivity feedback, ji for differential mortality, and li for 
temporal heterogeneity) for each parasite species resulting in 11-15 parameters fit to the field data (see 
Supplementary material for model variations; Table 3.1). 
Table 3.1: Description of the candidate models, including parameters, number of parameters, and main assumptions. 
The + indicates variations on a model and while not listed, there are seven variations, one for each local model, for 
each regional model making a total of 28 models. 
Local Models Parameters 
Number of 
Parameters Assumptions 
  
Dominance Hierarchy mi, p, d, b, e  8 - 10 
Parasite species ranked from best to worst competitor, 
best competitor displaces inferior competitor if they 
encounter one another 
  
Species Traits mi, p, d, b, e  8 - 10 
Parasite species ranked based on species traits, species 
with sporocysts are inferior competitors to those with 
rediae 
  
Priority Effects mi, p, d, b, e  8 - 10 
The first colonizer cannot be displaced, regardless of 
competitive ability or species traits 
  
Isolation     
While enough empty habitat patches are available, new 
infections only colonize empty patches, otherwise 
convert to one of the three interaction models above 
  
 + Dominance 
Hierarchy mi, p, d, b, e  8 - 10 
  
 + Species Traits mi, p, d, b, e  8 - 10 
  
 + Priority Effects mi, p, d, b, e  8 - 10 
  
Coexistence mi, p, d, b, e  8 - 10 
Parasite species are allowed to coexist within individual 
snails 
Regional Models       
  Productivity Feedback 
mi, p, d, b, e, 
ßi 
 11 - 15 
Positive feedback to colonization based on abundance 
and productivity of infected snails within the 
metacommunity for each species 
  Differential Mortality 
mi, p, d, b, e, 
ji  11 - 15 
Snails infected with each species can have a different 
mortality rate than uninfected snails 
  
Temporal 
Heterogeneity 
mi, p, d, b, e, 
li  11 - 15 
Time lag for when a parasite species first colonizes the 
metacommunity 
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Confronting theoretical models with field data 
 
 Model simulations were initiated with initial field survey conditions and run over the number of 
days observed in the field survey for each year. The initial constants added to the model were snail 
population size (500 individuals) and initial number of infected individuals. To obtain the negative log 
likelihood of our models, we compared the model infection estimates to the observed field prevalence at 
each surveyed time period using the binomial distribution. We did not include observation error. Because 
snail population density increased throughout the summers, we set logical constraints that the snail 
population could not fall below 1/2 of original size. Before optimization, we used direct searches to 
estimate parameter values and reduce the likelihood of reaching local minima. We optimized the negative 
log likelihood function using 100,000 simulated annealing iterations to fit the models to the data. Because 
the models were stochastic, we optimized each model variation 100 times and took the average negative 
log likelihood and logged parameter values to find the best fitting model. We also tested the model fit by 
running 100 Monte Carlo simulations to get parameter distributions and visually inspected the observed 
vs. fitted and fitted vs. residual plots. We selected the best fitting model using Akaike’s information 
criterion corrected for small sample sizes (AICc). We considered any model within 2 AICc as equally 
good fitting models (Burnham and Anderson 2002). All models were built in R statistical framework and 
optimized using optim(). We verified the best-fitting models by simulating 100 datasets using the best 
fitting model parameters for each year and then re-optimizing across all models to determine the 
percentage of correctly identified “true” models using AICc. This value provides the level of confidence 
in our identification of the underlying mechanisms driving this metacommunity. 
Results 
 
Field survey 
 We sampled Duck Pond 28 times between April of 2004 and October of 2006 and examined 
2,542 H. trivolvis. In 2004, we detected three trematodes in H. trivolvis; Ribeiroia ondatrae occurred at 
the highest average prevalence across visits (0.59 ± 0.15 standard deviation (SD)), followed by 
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Echinostoma trivolvis and Cephalogonimus 
americanus (both at 0.05 ± 0.08 SD). In 
2005, we found five parasite species, 
including the three from 2004 plus 
Allassostomoides sp. and Alaria sp. Again, 
R. ondatrae was the most prevalent on 
average across sites (0.28 ± 0.12 SD), 
followed by E. trivolvis (0.27 ± 0.24 SD), 
with the other three species at very low 
prevalence (less than 0.04 ± 0.04 SD). In 
2006, the combined infection prevalence was 
much lower than the earlier two years, with 
E. trivolvis having the highest average 
prevalence across visits (0.16 ± 0.14 SD), 
followed by R. ondatrae (0.12 ± 0.14 SD), 
C. americanus (0.02 ± 0.03 SD), and Allassostomoides sp. (0.01 ± 0.03 SD). The combined average 
prevalence across visits for each year was 0.70 ± 0.11 SD, 0.61 ± 0.31 SD, and 0.32 ± 0.27 SD for 2004, 
2005, and 2006, respectively (Figure 3.2). Trematode infections increased throughout the spring and 
summer, reaching a peak in July and August in 2004 and 2005 and September in 2006 (Table 3.2, Figure 
3.2). Trematode species with sporocysts produced on average more cercariae than those with rediae 
(ANOVA P < 0.01), with species with rediae (R. ondatrae, E. trivolvis, and Allassostomoides sp.) 
averaging 42.67 ± 30.35 SD cercariae per day and species with sporocysts (Cephalogonimus sp. and 
Alaria sp.) averaging 235.00 ± 15.55 SD cercariae per day. The linear relationship between max daily air 
temperature and max daily water temperature in 2005 and 2006 had an R2 of 0.88 and 0.84 respectively, 
indicating that the predicted max water temperatures based on these relationships (as used in the 
theoretical models to relate temperature to infectious propagules) were good proxies for observed max 
Figure 3.2: The trematode metacommunity over time for the 
three years of infection data from H. trivolvis in Duck Pond 
(top three plots), and the temperature trends for each year 
(bottom plot). The parasite species are 1: R. ondatrae, 2: E. 
trivolvis, 3: Allassostomoides sp., 4: Cephalogonimus sp., and 
5. Alaria sp. Note how the increase in temperature correlated 
with the increase in trematode infections in most years. 
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daily water temperatures. Water temperatures peaked each year in August around 30 ºC, matching the 
peak in trematode infections in 2004 and 2005 (Figure 3.2).  
Table 3.2: Observed infection prevalence for each parasite species by sampling date at Duck Pond for three years. 
This data was used to parameterize the mathematical model and compare model variations. N indicates the number 
of snails examined to estimate the reported prevalence. 
Date N R. ondatrae E. trivolvis Allassostomoides sp. C. americanus Alaria sp. 
6/11/2004 188 0.506 - - 0.133 - 
6/25/2004 82 0.562 - - 0.200 - 
7/10/2004 67 0.755 - - - - 
7/24/2004 90 0.799 - - - - 
8/4/2004 73 0.744 - - - - 
8/21/2004 91 0.657 - - 0.071 - 
9/6/2004 91 0.499 0.253 - 0.011 - 
9/19/2004 45 0.422 0.054 - - - 
10/8/2004 74 0.425 0.151 - 0.014 - 
4/16/2005 51 0.320 - - - - 
5/16/2005 76 0.270 0.040 - - - 
6/3/2005 42 0.306 0.024 - - - 
6/19/2005 70 0.343 0.216 - - - 
6/30/2005 87 0.188 0.468 - - - 
7/18/2005 86 0.151 0.723 0.052 0.029 0.023 
8/9/2005 47 0.428 0.467 0.152 0.067 - 
8/25/2005 29 0.496 0.360 - - 0.125 
9/24/2005 89 0.191 0.281 0.079 - - 
10/23/2005 113 0.154 0.085 0.073 0.024 - 
4/23/2006 81 0.049 0.081 - - - 
5/19/2006 66 0.091 0.194 0.091 0.091 - 
6/2/2006 160 0.031 0.067 - 0.013 - 
6/13/2006 190 0.016 0.049 0.033 0.011 - 
6/27/2006 136 0.015 0.077 - - - 
7/12/2006 104 0.146 0.178 - 0.022 - 
7/27/2006 134 0.067 0.050 - 0.024 - 
8/22/2006 85 0.329 0.308 - 0.012 - 
9/16/2006 95 0.373 0.448 - - - 
 
Model results 
  
 For all three years, the best fitting local models were the isolation models, in which new 
infections only colonized uninfected hosts (e.g. unoccupied patches) unless there were more new 
infections than unoccupied patches, at which point the model would convert to one of the three interaction 
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models (dominance hierarchy, species traits, or priority effects). For 2004 and 2006 all three isolation 
models were within 2 AICc, while for 2005 the isolation model with dominance hierarchy had the lowest 
AICc (Table 3.3). This suggests that spatial heterogeneity, behavioral avoidance, or other isolating 
mechanisms may be important for reducing species interactions in this trematode metacommunity. 
Incorporation of variation in species traits (the three regional models) improved the model fit over the 
isolation models alone. Differential mortality, which allowed for variation in trematode species specific 
mortality rates combined with local coinfection (coexistence), was the best fitting model for 2004 and 
2006, while the productivity feedback model, where the number of infectious propagules depended on 
both outside additions and positive feedbacks from abundance and average productivity of cercariae 
within the metacommunity, was the best fitting model for 2005. In 2005, however, the model combining 
temporal heterogeneity (at the 
regional scale) with a parasite 
dominance hierarchy (at the 
local scale) was among those 
with the lowest AICc. 
Additionally in 2006, another 
differential mortality model, the 
one combined with local 
isolation and priority effects was 
among the best-fitting models 
(Table 3.3). The models with the 
lowest AICc were relatively 
good fits for the observed data 
(Figure 3.3), and models within 
Figure 3.3: The model results from 100 model runs with the average 
parameter estimates (gray lines) for each year compared to the average 
model (colored lines) and the observed data (colored circles), where E. 
trivolvis is green, R. ondatrae is red, Allassostomoides sp. is purple, C. 
americanus is blue, and Alaria sp. is orange. 
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2 AICc showed similar temporal patterns (data not shown).  
 In the model validation, the best-fitting models, those used to simulate the model validation 
datasets, were selected as best fits 5%, 11%, and 23% for 2004, 2005, and 2006, indicating low 
confidence in the combination local/regional models. However the correct regional model was selected as 
best-fit 97% in 2004, 43% in 2005, and 24% in 2006 indicating substantial improvements in our 
confidence in these regional mechanisms. For 2006, we had low support for the regional mechanism used 
to generate the model, but surprisingly high support for the local mechanism; coexistence was selected in 
61% of the simulated datasets. Thus we have low confidence in our ability to identify local mechanisms, 
but higher confidence in the selection of the correct underlying regional mechanisms for all three years.  
 The probability of infection, probability of death, birth rate, activation energy, and process error 
(p, d, b, E, e) had similar orders of magnitude (x10-09, x10-05, x10-03, 1, x10-03 respectively), though had 
slightly different value estimates (Table 3.4, Figure 3. 4). Additionally, the estimate for e, or process 
error, was considerably lower in 2006 with 6.45x10-4. The estimates for number of infectious propagules 
entering the system each day varied by species and by year. The average number of infectious propagules 
entering the system across years was 1.32x106 for E. trivolvis, 5.65x105 for R. ondatrae, 94.70 for 
Allassostomoides sp., 104.58 for C. americanus, and 10.17 for Alaria sp. These values demonstrate that 
higher prevalence across years translated into higher estimates for the number of infectious propagules for 
that species, which makes sense if regional level abundance feeds back positively to colonization rates. 
The model was about equally sensitive to most parameters, as shown by the approximately equal width 
and height of the parameter density functions, except for the probability of death (d), which had a narrow 
parameter range and high peak in density (Figure 3.4). For the regional differential mortality model, 
which was the best fit model in 2004 and 2006, parameter ji was less than one for E. trivolvis and R. 
ondatrae (average of 0.89, 0.68 respectively), indicating that mortality was less than that for uninfected 
snails, while Allassostomoides sp. had higher mortality (11.85 in 2004 and 1.11 in 2006) and C. 
americanus had the same mortality rate as uninfected snails (1.00 in 2004). This parameter did not follow 
the predictions of the compensatory mortality hypothesis, instead more abundant parasite species tended 
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to have lower mortality rates. Productivity feedbacks with priority effects, which was the best fitting 
model in 2005, had consistent parameter estimates with β equal to 0.001 for all species except E. trivolvis 
(9.56x10-4). Though a productivity-colonization feedback may exist (the less competitive species produce 
on average more free-swimming parasite stages), the low abundance of highly productive species made 
the signal in these models difficult to detect.  
Table 3.3: AICc model selection results showing models within 10 AICc of the best fitting models out of the 28 
competing model variations that included local species interactions and regional species variations affecting a 
trematode metacommunity. The models were parameterized to the observed three years of field data.  Local and 
regional models within 2 AICc, considered equally good fits, are indicated by italics, while model averages (for all 7 
models of that type) are in bold. 
    2004 2005 2006 
    ∆AICc AICc K ∆AICc AICc k ∆AICc AICc k 
Local Models 599.57 991.61 8 85.63 823.48 10 3.07 460.14 9 
  Isolation w/ Dominance Hierarchy 600.09 992.13 8 62.45 800.30 10 4.00 461.07 9 
  Isolation w/ Priority Effects 599.82 991.87 8 65.54 803.39 10 3.17 460.24 9 
  Isolation w/ Species Traits 598.78 990.83 8 128.89 866.74 10 2.04 459.11 9 
Differential Mortality 101.35 493.39 11 148.79 886.64 15 1.91 458.98 13 
   + Isolation w/ Priority Effects 179.86 571.90 11 175.74 913.59 15 0.52 457.59 13 
   + Isolation w/ Species Traits 124.19 516.23 11 231.68 969.52 15 5.22 462.29 13 
   + Coexistence 0.00 392.04 11 38.96 776.80 15 0.00 457.07 13 
Productivity Feedback 569.56 961.60 11 38.69 776.54 15 5.85 462.92 13 
   + Isolation w/ Priority Effects 599.37 991.41 11 77.38 815.23 15 3.61 460.68 13 
   + Priority Effects 539.75 931.79 11 0.00 737.85 15 8.09 465.16 13 
Temporal Heterogeneity 544.98 937.03 11 319.92 1057.77 15 8.89 465.96 13 
   + Dominance Hierarchy 522.83 914.87 11 0.41 738.26 15 14.48 471.55 13 
   + Isolation w/ Dominance Hierarchy 571.62 963.66 11 826.79 1564.64 15 5.41 462.48 13 
   + Isolation w/ Species Traits 549.21 941.25 11 445.63 1183.48 15 9.99 467.06 13 
   + Species Traits 536.28 928.33 11 6.86 744.70 15 5.66 462.73 13 
 
Table 3.4: Average parameter estimates of the 100 optimizations of the best fitting model for each year of field data. 
For the dominance hierarchy (Dom. Hier.) and species traits (Sp. Traits) models, smaller numbers are better 
competitors than larger numbers, but where equal the first infection to colonize outcompetes the second. The species 
order for all species specific parameters is 1: E. trivolvis, 2: R. ondatrae, 3: Allassostomoides sp., 4. C. americanus, 
5. Alaria sp.   
  Parameter 2004 2005 
  Description mean sd mean Sd 
p probability a snail gets infected 2.414E-09 1.729E-09 8.75E-09 5.75E-09 
d probability a snail dies 1.885E-05 1.203E-05 1.49E-05 4.35E-06 
b birth rate 0.009 0.007 0.007 0.005 
e Error 0.001 9.691E-04 0.001 8.49E-04 
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E activation energy 1.096 0.962 1.162 0.758 
m1 incoming infectious propagules 3.924E+05 2.966E+05 2.72E+06 1.74E+06 
m2 incoming infectious propagules 6.711E+05 5.141E+05 3.51E+05 2.23E+05 
m3 incoming infectious propagules 64.566 52.865 108.362 77.445 
m4 incoming infectious propagules  -  - 112.890 75.605 
m5 incoming infectious propagules  -  - 10.174 7.117 
j1 proportional adjustment to mortality rate 0.920 0.781  -  - 
j2 proportional adjustment to mortality rate 0.503 0.313  -  - 
j3 proportional adjustment to mortality rate 11.855 8.601  -  - 
j4 proportional adjustment to mortality rate  -  -  -  - 
ß1 the proportion of free-living stages that feedback into infecting propagules  -  - 9.56E-04 6.57E-04 
ß2 the proportion of free-living stages that feedback into infecting propagules  -  - 0.001 7.10E-04 
ß3 the proportion of free-living stages that feedback into infecting propagules  -  - 0.001 0.001 
ß4 the proportion of free-living stages that feedback into infecting propagules  -  - 0.001 7.84E-04 
ß5 the proportion of free-living stages that feedback into infecting propagules  -  - 0.001 8.97E-04 
  Parameter 2006 Dom. 
Hier. Sp. Traits   Description mean sd 
p probability a snail gets infected 7.24E-09 4.70E-09  -  - 
d probability a snail dies 1.21E-05 4.79E-06  -  - 
b birth rate 0.006 0.004  -  - 
e Error 6.57E-04 4.69E-04  -  - 
E activation energy 0.884 0.672  -  - 
m1 incoming infectious propagules 8.50E+05 5.57E+05 1 1 
m2 incoming infectious propagules 6.73E+05 4.30E+05 2 1 
m3 incoming infectious propagules 111.163 82.910 3 1 
m4 incoming infectious propagules 96.261 73.329 4 2 
m5 incoming infectious propagules  -  - 5 2 
j1 proportional adjustment to mortality rate 0.849 0.612 1 1 
j2 proportional adjustment to mortality rate 0.854 0.632 2 1 
j3 proportional adjustment to mortality rate 1.109 0.842 3 1 
j4 proportional adjustment to mortality rate 1.000 0.784 4 2 
ß1 the proportion of free-living stages that feedback into infecting propagules  -  - 1 1 
ß2 the proportion of free-living stages that feedback into infecting propagules  -  - 2 1 
ß3 the proportion of free-living stages that feedback into infecting propagules  -  - 3 1 
ß4 the proportion of free-living stages that feedback into infecting propagules  -  - 4 2 
ß5 the proportion of free-living stages that feedback into infecting propagules  -  - 5 2 
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Discussion 
 We built 8 theoretical models that varied in local species interactions or regional species traits to 
predict metacommunity dynamics for trematode infections in freshwater snails. We then optimized the 
theoretical models to three seasons of trematode infection dynamics in H. trivolvis, using AICc to select 
the best fitting theoretical models for the observed field patterns. Trematode infections peaked in mid-
summer matching temperature patterns in most years, but had considerably different heights (trematode 
prevalence) of those infection peaks across years. Though we have low confidence in our ability to 
determine the local mechanisms, we did find that of the local models, the isolation model, in which new 
infections avoid already infected snails unless not enough uninfected snails are available for the incoming 
infections, was consistently the best-fitting across all three years. This indicates that perhaps for this 
system spatial heterogeneity in colonization or host behavioral avoidance may reduce the importance of 
competitive interactions. However, incorporating species trait variation at the regional scale consistently 
provided better fits for all three years, with all three regional models having low AICc for at least one 
Figure 3.4: Density function of the 
logged parameter estimates from 
100 model parameterizations of 
the best fitting models. Estimates 
from 2004 are represented with 
solid lines, 2005 with dotted lines, 
and 2006 with dashed lines. The 
per year parameter average is 
indicated by the matching vertical 
red line. The horizontal axis is on 
the log scale, but the tick mark 
labels have been converted to 
make the parameter estimates 
easier to interpret. Note the 
different vertical axis for d, the 
probability a particular snail dies. 
Also, note that there is strong 
correspondence across years for 
parameter estimates and that none 
of the parameter density functions 
incorporate zero. 
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year. This suggests that variation in species traits is important for metacommunity dynamics and when 
comparing local and regional factors, variation in species traits (regional factor) is more important for this 
metacommunity than competitive interactions (local factor). However, we did not see any indications of 
species trait tradeoffs with competition, as suggested by many regional coexistence hypotheses, perhaps 
because it seemed that species interactions on the local scale were less important for this metacommunity 
than species trait variations (e.g. colonization, extinction, productivity). This study illustrates how using 
model selection techniques to determine mechanisms driving metacommunity dynamics is a powerful and 
effective method for testing local and regional factors effects on parasite metacommunities. 
 We saw seasonal trends in trematode infections in H. trivolvis, with low prevalence in early spring 
and highest prevalence in mid-summer. In 2006, prevalence did not decline into the fall, but instead 
stayed relatively high. These patterns are consistent with trematode infections in other trematode-snail 
systems, where infection peaks in freshwater temperate wetlands ranged from July to October, and then 
decreased through April (Fernandez and Esch 1991, Kube et al. 2002a, Peterson 2007). This highlights 
the missing dynamics in the observed time series (November to April); during these months, other 
trematode systems show drastic declines in trematode infections and recruitment of the previous summers 
cohort into susceptible snails (Fernandez and Esch 1991, Kube et al. 2002b, Peterson 2007). However, 
because Duck Pond has ice cover throughout the winter, sampling during this period is quite difficult. 
Perhaps if we had a longer time series or more frequent sampling events during the open water season, we 
could estimate additional parameters that approximate the dynamics occurring while the pond is covered 
with ice.  
 We used the time series of trematode infections over three years from April to October to fit 
theoretical species interaction models, where species interaction rules set competitive ranks to determine 
the winner when more than one trematode attempted to occupy the same habitat (e.g. coinfected a snail). 
We found that isolating mechanisms, such as spatial heterogeneity in colonization or host behavioral 
avoidance, best explained the field patterns for all three years, though we had low confidence in our 
ability to differentiate between the local mechanisms. This indicates that these isolating mechanisms may 
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be more important than competitive interactions when describing trematode metacommunity dynamics. 
Isolating mechanisms, such as spatial and temporal heterogeneity or host behavioral avoidance, have been 
suggested to reduce competitive interactions. For example, Soldánová et al. (2012) found that spatial 
heterogeneity had an isolating effect on a metacommunity of trematodes in the freshwater snail Lymnaea 
stagnalis. Similarly, Sousa (1993) found that processes affecting recruitment of trematode infections to 
snail hosts drove metacommunity patterns in the salt marsh snail Cerithidea californica. In contrast, Kuris 
and Lafferty (1994) used a modeling approach that suggested spatial and temporal heterogeneity in 
parasite additions increased species interactions and that competition is the main driver of trematode 
metacommunity structure. For our system, we see fairly low occupancy levels (0.3 – 0.7 across years), 
which means that a large percentage of habitat patches remain unoccupied, leading to small numbers of 
coinfections even by random chance. Thus the impact of competitive interactions matches more closely 
with Sousa’s (1993) study. Put simply, while competitive interactions may occur locally, they may be too 
infrequent in this system to have an impact on the resulting metacommunity dynamics. Similarly, 
behavioral avoidance by hosts can affect parasite transmission (Daly and Johnson 2011), and 
heterogeneity in host behavior may make encounters with multiple trematode species, such as those that 
hatch from eggs compared to those that must be eaten, unlikely. Further research is needed to determine 
how important competitive interactions are for resulting metacommunity dynamics, especially given the 
shortened life span of H. trivolvis (1-3 years) compared to the typically studied marine snails (7-10 years). 
 In addition, the model validation results indicate two important caveats to this modeling 
framework in regards to local species interactions. First, local dynamics were consistently swamped by 
the regional feedback mechanisms, such that regional models provided consistently better fits to 
metacommunity dynamics. Second, we have low confidence in our ability to differentiate the local 
models from one another, either because the parameter space for the local models are flexible enough to 
mimic one another’s dynamics or because the large amount of colonization in these models outweighs the 
effects of species interactions such that all local models appear dynamically similar. Thus, for the 
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remainder of the discussion we will focus primarily on the regional mechanisms, which we were better 
able to differentiate. 
 We extended the local models by building in three regional variations in species traits and fitting 
these to the field data. The regional models fit better than the species interaction models alone, leading us 
to conclude that variation in species traits is more important for this metacommunity than competitive 
interactions. While the best fitting regional model varied by year, and for 2005 and 2006 had two models 
with low AICc, the fact that a regional model was always selected suggests that variation in species traits 
is important for the dynamics of this trematode metacommunity. Two of the three years selected 
differential mortality models, which allows for alteration of the mortality rate by parasite species, 
indicating that trematode species potentially have varying levels of pathogenicity towards their hosts or 
that infection alters the feeding or other behavior of the snails leading to increased or decreased snail 
mortality. Indeed, based on the parameter estimates, two of the parasite species had increased snail 
survival over uninfected snails (R. ondatrae and E. trivolvis), while the other species had similar or 
decreased snail survival than uninfected snails. In 2005, the year with the highest species richness, we 
found that both productivity feedbacks, that there is positive feedback from the abundance and average 
productivity of parasite infections, and temporal heterogeneity, that there are time lags to the addition of 
colonizing propagules to the metacommunity, both fit the field data equally well. This suggests that the 
combination of regional models, e.g. incorporating variation in multiple species traits, would provide a 
better fitting model. However, we had limited data, so did not combine regional models to avoid 
overfitting. Future studies should consider estimating colonization and mortality rates to be able to 
incorporate known species differences into metacommunity models, reducing the number of parameters 
required. 
 Strikingly, though the regional models incorporated species traits that are thought to trade off 
with competition, we did not find any evidence of species trait tradeoff mechanisms for regional 
coexistence. Perhaps because regional mechanisms for coexistence, even with strongly competitive local 
dynamics, are thought to reduce the impact of competitive dynamics (Chesson 2000). For example, 
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mortality rates were opposite of those predicted by the compensatory mortality hypotheses, which 
predicts that abundant species should have increased density dependent mortality over rare species 
(Connell 1978, Webb and Peart 1999). In our model, we saw that abundant species had the lowest 
mortality rates, while uninfected snails and rare parasite species had higher rates. This could be due to 
pathogenicity differences in parasite species or changes in snail behavior that affect mortality due to 
infection. Similarly, while productivity definitely depended on species traits with lesser competitors 
(those with sporocyst stages) producing more free-swimming parasite stages, the highly productive 
parasite species occurred at such low abundance that the addition to colonization had a relatively small 
impact on overall metacommunity dynamics compared to the positive feedback from abundant species. 
Another explanation for the lack of competition-species trait tradeoff is that we did not find a strong 
signal of competition in the best fitting local and regional models, suggesting that perhaps competition is 
not a driving factor for this metacommunity. Indeed, the high propagule pressure of the most abundance 
species in the metacommunity may have overpowered the signal of competition, as suggested for source-
sink metacommunities (Mouquet and Loreau 2003). For example, the parameter m was several orders of 
magnitude larger for the most abundance species (R. ondatrae and E. trivolvis), leading us to suspect that 
mass effects, or large additions of outside colonization pressure, may drive this metacommunity. Future 
research should focus on the effects of high levels of colonization on trematode metacommunity 
dynamics.  
 In general our model fitting estimated biologically realistic parameter values. However, the 
activation energy, E, was consistently higher than that reported in other literature (Molnár et al. 2013). 
We suspect this is because the number of infecting propagules had seasonal variation as well as a 
relationship with temperature, leading to a larger compounded value than if we had separated these two 
components into separate parameters. Similarly, for an r-selected species, H. trivolvis had a low 
recruitment rate into susceptible snails. We suspect that the model picked up cohort dynamics, where only 
larger snails (typically greater than 5 mm and often in their second summer) are actually susceptible to 
infections, and recruitment to this size class probably occurs in early spring, which was outside the scope 
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of our time series. Perhaps adding cohort snail population dynamics would improve the model, though a 
longer time series would be necessary to fit additional parameters. We also determined that the 
probability of infection (p) and the number of infectious propagules (mi) were best represented by a 
proportion, so they led to multiple local minima using algorithm based optimizers, which was overcome 
using simulated annealing optimization that has the added advantage of being more robust for estimating 
parameters of stochastic models. The model was highly sensitive to mortality rates, and future studies 
should aim to measure mortality in the field.  
 The results of this study have several limitations when extrapolating to other systems. As 
mentioned above, we suspect that the metacommunity is open and non-linear and that some of the 
seasonal dynamics in snail populations and trematode infections were truncated from the existing time 
series, such as the winter decline in trematode infections and early spring recruitment of the previous 
summer’s cohort to susceptible snails. Additionally, though we attempted to adjust the models, they never 
estimated the decline in trematode infections in the fall as suggested by the field data, instead suggesting a 
slow decline in the snail population leading to both the trematode community and host snail extinction. 
This suggests that we are missing a crucial parameter that would explain the decline in parasite infections, 
such as extinction of parasite infections without the mortality of the host. Similarly, we assumed that all 
patches were identical, but a strong size-infection relationship has been found for many snail-trematode 
relationships (Zelmer and Esch 2000, Richgels et al. 2013). Although the nature of this relationship, 
whether it is related to larger snails also having more time to accumulate infection, longer time to 
maturity for infections in smaller snails, preferential infection of larger snails by parasite species, or 
infections causing increased growth of their snail hosts is unknown. Incorporating patch differences and 
the high levels of colonization of the abundant species would shift these models into the mass effects 
paradigm, and future studies should consider these two additional criteria when evaluating trematode 
metacommunities. However, the goal of this study was to compare regional factors and local species 
interactions to determine whether regional coexistence mechanisms not to perfectly describe the 
metacommunity dynamics, thus we are still confident in our results.    
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 Overall, this model represents a strong early step at confronting metacommunity theory with field 
data, and can be used to infer some general patterns in this trematode metacommunity.  First, while 
trematodes may be competitive within their host snails, the signal of this competition, either through the 
rarity of coinfections or stronger outside processes, was not picked up by this metacommunity level 
model. Second, species trait variations were most important for driving the metacommunity dynamics, 
though which mechanisms solely or in combination best describe this system needs additional study. 
Third, we saw no evidence of species trait tradeoffs with competition, perhaps because the system had 
strong mass effects, e.g. high levels of outside colonization, which has been shown to maintain species 
coexistence without species trait tradeoffs (Mouquet and Loreau 2003). Lastly, given the emphasis on 
spatial or temporal heterogeneity leading to parasite isolation and potential combinations of variation in 
species traits found here, further research should focus on targeted sampling for colonization and 
extinction rates and incorporating patch size or quality to better describe systems with similar 
metacommunity dynamics.  
Supplementary material 
Candidate models 
 The models described herein uses the entire trematode guild (5 species), though sampling in 2004 
and 2006 had only 3 species (Echinostoma trivolvis, Ribeiroia ondatrae, Cephalogonimus americanus) or 
4 species (E. trivolvis, R. ondatrae, Allassostomoides sp., and C. americanus) respectively. The order of 
the species within each w matrix remains the same, and follows the order of the dominance hierarchy 
model. 
Dominance hierarchy 
 As suggested by Kuris and Lafferty (1994) and other authors (Fernandez and Esch 1991, Lafferty 
et al. 1994), trematodes are thought to adhere to strict dominance hierarchies.  Thus for the dominance 
hierarchy model, the most dominant species could colonize already infected snails, the second most 
dominant species could colonize those less dominant but not the best competitor and onward.  The w 
matrix for equation 1.2 was thus, 
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representing the complete dominance of the best competitor.  The dominance hierarchy for this trematode 
metacommunity was established based on field observations (K.L.D. Richgels, unpublished) and 
hierarchies established in other snail species (Kuris 1990, Fernandez and Esch 1991), and was 
Echinostoma trivolvis, Ribeiroia ondatrae, Allassostomoides sp., Cephalogonimus americanus, and 
Alaria sp. from best competitor to most inferior competitor respectively.   
Species traits 
 Because the dominance hierarchy has not been tested with direct experimentation, we also built a 
combination model based on species traits, specifically whether the species had dominant mobile rediae, a 
parasite stage within snails that actively forages and preys on other trematode species and is considered 
competitively dominant to smaller and less mobile sporocyst stages that do not actively forage (Hechinger 
et al. 2011). The species traits model has the following w matrix, 
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where trematodes that have large active rediae are competitively equal (E. trivolvis, R. ondatrae, 
Allassostomoides sp.) but outcompete species with small inferior sporocysts (C. americanus, Alaria sp.). 
This model incorporated priority effects, meaning that the species that colonized first would not be 
displaced if the invading parasite was competitively equal.   
Priority effects 
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 The last interaction model was built solely on the concept of priority effects, which have been 
observed in some trematode guilds (Lie 1969). Because trematodes reproduce asexually within their snail 
hosts rapidly filling the gonads, there could be a competitive advantage to being the first to colonize, 
often referred to as a priority effect. This model has a w matrix of 
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representing priority effects by not allowing species to displace already established infections.   
Isolation 
  Because there is evidence that colonization events are rare (Sousa 1993, Esch et al. 2001), it has 
been suggested that when uninfected hosts are available, lower coinfection could arise due to either active 
avoidance by infectious stages of already infected hosts, or through spatial heterogeneity in parasite 
addition reducing encounter rates. The isolation model states that when the sum of infecting propagules 
∑Mi, is less than the available susceptible snails, S, 
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limiting new infections to uninfected snails only by replacing  St with Nt  from equations 1.1 and 1.2. If 
infecting propagules are greater than susceptible snails, then the model reverts to one of the above three 
competition models, dominance hierarchy, species traits, or priority effects. 
Coexistence 
 Lastly, we developed a null model that includes only regional addition of infectious propagules 
with no local species interactions, i.e. we allowed coexistence of multiple parasite species within 
individual snails such that equation 1.2 becomes 
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( ) ε+−×+×−=+ tititititi INMIDII ,,,1,    [6.1] 
where we replace St with the total number of snails minus those already infected with species i.  In this 
way, snails can be in multiple infected categories at the same time, allowing coinfection. 
Productivity feedback 
 The first regional model allows for an interaction between average parasite production and 
regional abundance to positively feedback to colonization rates (productivity feedback). This introduced a 
new parameter, βi, which affected Mi in equation 3.4 by 
tiiii IhF ,××= β     [7.1] 
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where βi represents a transmission scalar to relate hi, the average production of free-swimming 
 parasite stages released by infected snails per day estimated from the field survey (h = 70, 48, 10, 224, 
246 for E. trivolvis, R. ondatrae, Allassostomoides sp., C. americanus, and Alaria sp. respectively) and 
the number of infected snails I of species i at time t.  In this way, the abundance and productivity of each 
parasite species could positively affect the incoming infectious propagules. However, because we were 
unsure whether a colonization-competition tradeoff exists for this metacommunity, we fit the parameter β 
to the data instead of constraining the positive feedback by a relationship to competitive ability. 
Differential mortality 
 The second regional feedback mechanism allowed variation in mortality rates for each species. 
This allowed for potential compensatory mortality, which states that more dominant species have higher 
density dependent mortality, thus allowing less competitive species to coexist in the metacommunity 
(Connell 1978, Webb and Peart 2006). For this model we fit an additional scalar parameter, ji, which 
allowed differential mortality for each species modifying equation 1.2 such that  
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where ji represents the adjustment in the mortality rate for each species.  While this model has the 
potential for compensatory mortality, we did not limit the scaling of mortality rates based on regional 
abundance as the hypothesis assumes. 
Temporal heterogeneity  
 Several studies suggest that species isolation can also occur through temporal and spatial 
heterogeneity of the addition of infectious propagules (Sousa 1993, Smith 2001). While spatial 
heterogeneity is outside the scope of this paper, we incorporated temporal heterogeneity by allowing a 
time lag for species additions to the metacommunity. We used a new parameter, li, and logical arguments 
to determine whether infectious propagules for species i were added to the metacommunity such that 
ε+×−=→< + tttii IDIItl 1,     [9.1] 
ε+×−+=→< + ttti SDBSStl 1     [9.2] 
replaces equations 1.1 and 1.2 when li is less than time t so that no propagules of species i are added to Ii. 
This allows for some heterogeneity in species additions to the metacommunity, but does not allow for the 
removal of propagules from the system after a species has arrived. 
CHAPTER 4 
 
USE OF SMALL POND HABITATS BY BIRDS AND ITS CONSEQUENCES FOR TREMATODE 
INFECTION IN FRESHWATER SNAILS 
 
Abstract 
 Host abundance and diversity are integral to parasite transmission both among and between hosts. 
However for complex-life cycle parasites, measurement of mobile host diversity and abundance often 
occurs on a different spatial scale than sampling for parasites in less-mobile hosts making comparisons 
between host groups and parasite infections difficult. This is particularly important when infrequent 
transmission events have disproportionately large effects on parasite abundance, such as sporadic visits to 
small freshwater wetlands by bird hosts, which then transmit infections to other aquatic hosts. We aimed 
to (1) describe the seasonal pattern of bird use of small freshwater systems, and (2) determine the 
relationship between trematode infections in freshwater snails and bird abundance and diversity. To 
determine bird host use of wetlands, we established two trail cameras on three wetlands, capturing images 
hourly during daylight hours for 10 months (March until December 2011). Using Loess smoothers of the 
resulting daily bird abundance time series, we found that birds had strong temporal and seasonal trends, 
driven by a large winter peak in waterfowl abundance and smaller spring breeding peaks in passerine and 
waterfowl abundances, although these patterns varied between sites. To determine the relationship 
between trematode infections in snails and bird abundance and diversity, we subset the 10 month daily 
time series to match both the temporal resolution of trematode sampling and three additional sites 
monitored with trail cameras from June – August, 2010. We found that summer bird abundance and 
richness was driven mainly by surrounding habitat type (number of trees near shore, percent forest within 
1 km, and wetland area), highlighting the importance of near shore habitat for wetland birds. In contrast, 
trematode richness and prevalence decreased in wetlands with larger surface areas but were positively 
related to bird abundance. We suggest that this pattern may be related to sites with more birds 
contributing more infectious material, but larger wetlands having reduced size and quality of littoral 
zones, which may reduce transmission of trematodes to freshwater snails. Our results highlight how trail 
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cameras can be useful in determining infrequent visitation by mobile hosts, and the relationship between 
these small scale visitations and complex life cycle parasites.  
Introduction 
 Parasite distribution, abundance, and diversity are often determined by their hosts distribution, 
abundance, and diversity (Byers et al. 2008, Harris and Dunn 2010). Indeed, parasite transmission 
dynamics are often driven by the distribution and movement of their hosts (Keeling et al. 2001, Salkeld et 
al. 2010). For example, farms in the UK with a high composition of cattle or long-distance movement of 
livestock increased transmission of Foot and Mouth Virus, significantly impacting the dynamics of the 
epidemic (Keeling et al. 2001). Similarly, increasing host abundance or density increases parasite 
transmission and is thus often positively correlated with parasite abundance (Smith 2007, Byers et al. 
2008, Levakin et al. 2012). For example, chytrid infections were reduced when harsh winters reduced 
Daphnia population density (Johnson et al. 2009) and trematode infections in freshwater snails decreased 
over 12 years, matching a decline in their avian host populations (Levakin et al. 2012). At the community 
level, host diversity is often positively associated with parasite diversity, as additional hosts add parasites 
to the overall community (Hechinger and Lafferty 2005, Hechinger et al. 2007, Harris and Dunn 2010, 
Thieltges et al. 2011). Indeed, Harris and Dunn (2010) found that parasite diversity largely tracked 
carnivore diversity across North America, and Thieltges et al. (2011) found that host diversity was 
strongly correlated to freshwater parasite diversity across Europe.  
However, understanding the relationship between host and parasite diversity becomes more 
difficult when dealing with multi-host or complex life-cycle parasites. This is particularly striking for 
trematodes, which use two to three hosts to complete their life cycle: one or two intermediate hosts 
(always a mollusk, then sometimes various aquatic invertebrates or vertebrates) and a vertebrate definitive 
host, leading to transmission and dispersal abilities among hosts that span several relevant spatial scales. 
Though vertebrate definitive hosts should be positively correlated with infection in intermediate hosts, 
studies of trematodes often fail to find this relationship (Kube et al. 2002b, Latham and Poulin 2003, 
Anderson and Sukhdeo 2013). This mismatch may be due to the different sampling scales of definitive 
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hosts and parasite infections in intermediate hosts, such that definitive hosts both utilize and are measured 
on much larger scales than parasite infections in intermediate hosts. Indeed, when definitive hosts are 
sampled at the same spatial scale as the measurement of parasite infections, positive relationships 
between trematode diversity and abundance and definitive host diversity and abundance are found 
(Hechinger and Lafferty 2005, Hechinger et al. 2007, Smith 2007, Johnson et al. 2013a). However, Byers 
et al. (2008) and Fredensborg et al. (2006) found a positive relationship between bird abundance and 
trematode infections in marine snails when measured at the site level (oceanic bay), but no relationship at 
the regional (across latitudinal gradients) or local (small-scale plots within bays) scales, highlighting the 
complexity of the relationship between host abundance and trematode infections in snails. These studies 
emphasize the importance of sampling host use and trematode infections on a biologically relevant spatial 
scale to the trematode infection process.  
 For small aquatic habitats, where even rare visitation of definitive hosts can have strong effects 
on trematode diversity and abundance, the pairing of host sampling to parasite sampling becomes even 
more important. The question of how hosts utilize small scale habitats given large distributions is 
particularly relevant for avian dispersed trematodes, where birds interact with aquatic habitats on large 
spatial scales, yet infection patterns in intermediate hosts are determined with local sampling (Matthews 
et al. 1985, Galaktionov and Bustnes 1999, Skirnisson et al. 2004). Although the relationships between 
bird abundance and the abundance of marine parasites are well studied (Skirnisson et al. 2004, Hechinger 
and Lafferty 2005, Fredensborg et al. 2006, Byers et al. 2008), patterns of bird use and trematode 
infection in freshwater lentic systems are rarely studied, even though small freshwater ponds (<1 km2) 
make up the majority of available freshwater sources (Downing et al. 2006). Because waterfowl and 
wading birds use small freshwater systems intermittently in a larger network of freshwater wetlands (up 
to 10 km for egrets and herons; Kelly et al. 2008), rare visitation events may have disproportionately large 
impacts on a small wetland’s trematode community. Thus, snapshot sampling methods such as point 
counts or transects may miss important host visits, suggesting that non-invasive and high resolution 
sampling methods are needed to adequately describe bird host abundance and richness.    
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 In this study, we aimed to describe avian use patterns of freshwater systems and match the spatial 
scale of avian host abundance and diversity measurements with parasite infections in freshwater snails. 
To accomplish this, we used trail cameras mounted at three wetlands in San Francisco Bay area, 
California over 10 months (March until December 2011) to describe seasonal patterns of bird use at small 
freshwater ponds. We then combined summer sampling of trematode infections in freshwater snails with 
six sites monitored by trail cameras from June – August to compare summer bird diversity and abundance 
to the overall trematode species richness, prevalence, and the prevalence of two pathogenic trematodes, 
Ribeiroia ondatrae and echinostomes, in freshwater snails. We aimed to answer three basic questions, (1) 
how does bird use differ daily and seasonally between major bird groups in small freshwater ponds, (2) 
what habitat characteristics predict the high abundance and diversity of birds, and (3) how does avian host 
abundance and diversity relate to trematode abundance and diversity in freshwater snails? In daily and 
seasonal patterns of bird use, we sought to identify specific time periods when bird host groups were most 
active and abundant. During the summer, we expected that bird abundance and diversity would be 
positively related to nearby trees that act as perching sites for wading birds and cover for waterfowl. We 
also expected bird richness and abundance to be positively associated with trematode richness and 
abundance and the abundance of R. ondatrae, which uses predatory birds as hosts, but not to 
echinostomes that have a broader definitive host range. 
Methods 
Study system 
 We studied six freshwater ponds (< 2 ha) nested in the oak chaparral ecoregion on two properties 
in San Francisco Bay Area, California (Figure 4.1). At the first property, a private ranch in Morgan Hill, 
California (Santa Clara County), we sampled three small freshwater ponds (SO1, SO3, SO4), which are 
lightly grazed by cattle and were sampled from March until December of 2011. The ponds have emergent 
vegetation made up of Juncus sp. or Typha sp., have introduced mosquitofish (Gambusia affinis), and 
have a surface area from 0.12 (SO4) to 0.35 ha (SO1). The largest site (SO1) also has introduced 
largemouth bass (Micropterus salmoides), bluegill (Lepomis macrochirus), green sunfish (L. cyanellus), 
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and blue catfish (Ictalurus furcatus). The ranch is 
roughly 20 km east of the ocean and within 5 km to 
two major freshwater reservoirs, Chesbro and Calero. 
We sampled an additional three sites in Pleasanton 
Ridge Regional Park, next to the town of Pleasanton, 
California (Alameda County) from June to August, 
2010. Pleasanton Ridge is owned by East Bay Regional 
Parks and operated for recreation and grazing. It has 20 
freshwater ponds on the property that have emergent 
vegetation dominated by a combination of Juncus sp, 
Typha sp., and Schoeneoplectus sp. Of the three sites 
sampled (PR06, PR14, PR16), only one has fish (G. 
affinis, PR06), and all three have surface areas between 
0.05 – 0.08 ha. Pleasanton Ridge is roughly 20 km east 
from San Francisco Bay, 9 km from San Antonio 
Reservoir, and 15 km from Del Valle Reservoir.  
 We surveyed each pond for avian host use and 
digenean trematode (Phylum Platyhelminthes, Class Trematoda) infections in freshwater snails. 
Trematodes are complex life cycle parasites, using a mollusk as their first intermediate host, which 
produce free-swimming cercariae that then infect invertebrates, amphibians, or fish as second 
intermediate hosts. Then the second intermediate hosts are eaten by vertebrates, where the trematodes live 
in their intestinal tract and eggs are returned to aquatic habitats through host feces (Roberts and Janovy 
2008). Mollusks are infected when they either consume the eggs or the eggs hatch. Typically the 
vertebrate host is considered the dispersal host, as it is the most vagile host in the trematode life cycle.  
 Small freshwater systems in this area have three commonly occurring mollusk groups in two 
families: Helisoma trivolvis (Planorbidae), Gyraulus consisting of Gyraulus circumstriatus, G. parvus, 
Figure 4.1: Map of study sites. The green 
polygon represents park boundaries with the 
northern half of Pleasanton Ridge (main) and the 
private ranch (lower inset) highlighted. The 
sampling locations within California are 
represented by the two upper insets with the 
counties of interest or parks highlighted in dark 
gray. Sites sampled are labeled and marked with 
blue circles, while surrounding but non-sampled 
sites are marked with smaller gray circles. 
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and G. deflectus (Planorbidae), and physids consisting of Physa acuta and P. gyrina (Physidae). Because 
trematode species can use multiple species of closely related mollusk hosts, we did not differentiate snails 
within the genera Physa and Gyraulus (Cribb et al. 2001). These three mollusk groups are host to a wide 
array of trematode species that use a diversity of vertebrate hosts. For example, within H. trivolvis we 
commonly find 7 trematode morphotypes (as described by Yamaguti (1971) and Schell (1985)) that use a 
variety of invertebrate and vertebrate hosts, including avian (Johnson et al. 2004), reptilian (Brooks 
1975), amphibian (Thomas 1939, Lang 1968), and mammalian (Kanev et al. 1995). We also focused on 
two trematode groups that are pathogenic in their amphibian intermediate hosts, R. ondatrae and 
echinostomes. Ribeiroia ondatrae infects H. trivolvis, than amphibians or fish, and lastly predatory birds. 
Echinostomes are a complex of cryptic species (Fried and Graczyk 2004) that have a broader host range 
than R. ondatrae, infecting H. trivolvis or physids as both first and second intermediate hosts, amphibians 
as second intermediate hosts, and a variety of mammals and birds as definitive hosts. 
Bird use of freshwater systems 
 We installed trail cameras on each of three sites at the private ranch from March 1st to December 
31st, 2011. To verify trail camera efficacy in capturing the bird community, we installed a second trail 
camera on May 27th, 2011 on each site aimed at a separate portion of the wetland for comparison. We 
used Wingscape WSCA02 Audubon BirdCam 2.0 bird watching 8MP digital cameras. Cameras were 
mounted on trees or available posts at chest height and aimed at the wetland. Within the scope of the 
cameras was the near shore and adjacent open water, so that we could capture birds that utilize both the 
wetland and near shore habitat. Because birds were potentially further away from the camera than the 
motion sensor could detect, trail cameras were set to capture a single picture each hour from dusk until 
dawn, regardless of movement or occupancy of the pond. Because of battery failure, we are missing May 
17th – May 26th for all cameras, and July 28th – August 21st, 2011 at SO1.  
 We enumerated birds from the pictures using Timelapse Image Analyzer v. 1.1.0.17 (Saul 
Greenberg, University of Calgary, http://saul.cpsc.ucalgary.ca/timelapse/). We noted which birds and how 
many were in each picture, as well as assigned categorical weather variables (sunny, foggy, cloudy, rain) 
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and visibility of the site within the picture (in percent of view visible). Pictures with low visibility (< 
30%) were removed before analysis, because birds could be present but difficult to see. We identified 
birds to species when possible, but because the cameras covered a large portion of the pond, birds were 
often too far from the camera to determine species level identification; thus we also categorized birds into 
functional groups by body morphology. The functional groups were waterfowl (e.g. dabbling and diving 
ducks, rails, and grebes), wading birds (e.g. herons, egrets, and shorebirds), turkeys, raptors (e.g. falcons, 
hawks, eagles, turkey vultures), and passerines (e.g. kingfishers, icterids, doves, swallows, and 
flycatchers). We analyzed bird use as abundance of birds per picture per day and smoothed the time series 
using polynomial loess smoothers with degree of 2 and span width of 0.3 for sites and by functional 
group. We described combined bird activity using autocorrelation and cross-correlation functions for 
cameras within sites and across sites.  
Bird use and trematode infections 
Because we wanted to measure bird abundance and diversity within the same time frame that we 
measured trematode infections, we truncated the private ranch dataset to the six cameras taking pictures 
from June 12th until August 7th, 2011. We also had a trail camera installed on three sites at Pleasanton 
Ridge from June 12th until August 7th, 2010 (PR8, PR14, and PR16), creating a summer dataset of six 
sites and nine cameras. The cameras at Pleasanton Ridge followed the same sampling and analysis 
protocols as those at the private ranch. Due to battery failure, we are missing June 12th – 19th and July 4th 
– 9th, 2010 from the camera at PR16, and July 23rd – 25th, 2010 from the camera at PR06. To ensure that 
bird communities were comparable across sites and properties, we characterized beta diversity by 
calculating Bray-Curtis dissimilarities with abundances and using analysis of similarities (ANOSIM, 
anosim(), package vegan 2.0-9, R statistical framework 3.0.2) to compare the site by species matrices. 
Also using ANOSIM, we verified that the shorter truncated times series for the private ranch bird 
community was functionally similar to the bird community from the full length time series. To get bird 
abundances and species richness to compare to trematode infections, we summed bird abundances across 
the summer dataset divided by the number of cameras per site and estimated bird species richness using 
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incidence coverage-based estimators (ICE) of species richness with rarefaction (Estimate S, Colwell 
2009). 
 Sites were surveyed two times for freshwater snails from May until August 2011 at the private 
ranch and May until August 2010 at Pleasanton Ridge following Richgels et al. (2013). We used dipnet 
sweeps (45.7 cm d-frame with 1200 µm mesh) covering 1 m of aquatic habitat every 15 m around the 
shoreline to collect a subset of 50 snails of each genus at each visit. If not enough snails were collected in 
the systematic search, we completed additional haphazard dipnets or seine hauls for 60 person minutes of 
searching or the quota was met. We dissected snails within 48 hours to determine the richness and 
prevalence of trematode infections. We identified trematodes to species when possible, or to morphotype, 
following Schell (1985) and Yamaguti (1971). Rarefaction methods indicated that our sampling effort 
was sufficient for estimating trematode morphotype richness (Richgels et al. 2013). We calculated snail 
density as the number of snails per sweep and used a GPS unit (GARMIN GPSMAP60) to calculate 
surface area for each visit. We also estimated the number of trees within 50 ft of the wetland’s shoreline 
representing cover and perching sites for birds using the wetland. Because trees grow slowly, we 
averaged this number between each visit to get a more robust estimate. Because fish can alter the food 
web and lead to trophic cascades (Brett and Goldman 1996), we characterized sites as having fish or no 
fish. We used the United States Geographical Survey’s land cover dataset (2006) to extract 1 km buffers 
of land cover around each wetland in ArcGIS (ESRI). We then determined the percentage of forested land 
cover (number of pixels/total pixels) within the 1 km buffer to get percentage of forest, which represents 
the quality of surrounding habitat. To estimate the depth that delineates the littoral zone from the pelagic 
zone, we measured secchi depth, representing water clarity, at each wetland and used this value to 
calculate the maximum depth of macrophyte growth (see equation in Canfield et al. 1985). We then 
developed bathymetry in ArcGIS using the shoreline digitized from google earth satellite imagery and the 
estimated location of maximum depth. From this bathymetry and using the estimated maximum depth of 
macrophyte growth, we were able to calculate the surface area of the littoral zone to total area ratio, an 
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indicator of the percentage of a wetland where snails are likely to encounter viable trematode eggs (they 
need sunlight and warm waters to develop).  
 We compared trematode morphotype richness and prevalence aggregated across all snail groups 
present at each wetland, R. ondatrae prevalence in H. trivolvis, and echinostome prevalence in H. trivolvis 
and physids by visit (11 visits, 6 sites) to estimated site level bird species richness and total abundance 
using generalized linear mixed models nested by site (glmer(), package lme4, R statistical framework 
3.0.2). We considered that host abundance and diversity and habitat characteristics might affect parasite 
prevalence and richness; thus, we considered models with bird abundance, estimated bird species 
richness, presence of fish, surface area, littoral area to total surface area ratio, and snail density as 
predictor variables. We selected the best fitting model using forward and backward stepwise selection and 
comparing models using AICc (dredge(), package MuMIn, R statistical framework 3.0.2). Because there 
was no clear cut best-fitting model, we used model averaging to find parameter estimates from all models 
that were within 4 AICc of the best-fitting model (model.avg(), package MuMIn, R statistical framework 
3.0.2, Burnham and Anderson 2002). Trematode richness was modeled with a Poisson distribution, while 
prevalence was modeled using the binomial distribution. Lastly, we described bird abundance and 
estimated species richness by site with generalized linear models using four potential habitat 
characteristics hypothesized to affect bird distributions. These two models included the number of trees 
within 50 ft, the percentage of forest cover within 1 km, the presence of fish, and surface area. We did not 
perform stepwise model selection and model averaging due to the stability and strength of the global 
model results. 
Results 
Bird use of freshwater systems  
 We took 18,011 pictures with 6 cameras from March 1st until December 31st, 2011 at the private 
ranch and 2,159 pictures from June 12th until August 7th, 2010 at Pleasanton Ridge, with a combined  
1,111 additional images eliminated due to <30% visibility. The cameras took an average of 12.05 ± 1.96 
standard deviation (SD) pictures per day with peaks in bird activity during mid-day for most functional 
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groups (Figure 4.2). Bird abundances varied throughout 
the year with three peaks related to different functional 
group activity, a small peak in spring waterfowl and 
passerine abundance (birds/picture) and a large peak in 
winter waterfowl abundance (Figure 4.3). Bird utilization 
patterns varied between sites with SO1, which is the 
largest site, having the most bird use and strongest bimodal 
peak driven by waterfowl abundances. SO3, which had 
predominantly red-winged blackbirds (passerines), had a 
spring peak in activity, and lastly SO4, which had fewer 
birds in general, had a small spring peak and a bimodal 
fall-winter peak driven by wading birds and waterfowl 
abundances (Figure 4.3, Supplementary material Table 
4.2). The most common (greater than 100 sightings) waterfowl captured on camera were unknown ducks, 
mallards, American coots, ring-necked ducks, and Canada geese. The cameras also captured greater than 
100 sightings of red-winged blackbirds, great blue herons, and great egrets (Supplementary material 
Table 4.2).  
 Autocorrelation functions indicated about a 45 day positive autocorrelated lag in the full time 
series for each site at the private ranch consistent with about 1.5 month peaks in bird activity (Figure 4.4). 
Cross correlation plots showed high correlation (~0.8 with no lag for SO1 and SO4, around 0.15 with no 
lag for SO3) between cameras within the same site (Figure 4.4), supporting our combination of the two 
cameras on each site into one time series. SO1 and SO4 were positively correlated and both were also 
negatively correlated with SO3, indicating how red-winged blackbird seasonal patterns at SO3 was 
distinctly different from the predominantly waterfowl and wading bird patterns at SO1 and SO4 (Figure 
4.4).  
Bird use and trematode infections  
Figure 4.2: Bird use histogram showing the total 
number of birds observed per hour from the 10 
month trail camera dataset at the private ranch.  
Stacked bars represent each functional group. 
Note that birds were more likely to be observed 
for waterfowl during the middle of the day, and 
with equal probability throughout the day for 
other groups. 
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 Species richness estimates from rarefaction for the summer bird dataset varied from 1 species at 
PR06 to 14.75 at SO1 with an average of 9.17 ± 5.58 SD bird species. Similarly, bird abundance varied 
widely with the most birds at SO1 (355.5), the fewest at PR06 (4), and an average of 98.75 ± 134.78 SD 
birds per site (Supplementary material Table 4.2, Table 4.3). Bird communities were not significantly 
different between parks, sites, or between the full and summer dataset at the private ranch (P > 0.1), 
supporting the combination of two parks into one dataset and using the summer dataset to describe bird 
abundance and richness. Summer bird abundance and richness was significantly and positively related to 
the number of trees within 50 ft of shore, suggesting that more trees near shore increased bird abundances 
(P < 0.05). Bird richness was also positively associated with the percentage forest within 1 km and 
surface area (P < 0.05), suggesting that forested habitat increases aquatic bird abundance. Bird abundance 
also increased at sites with fish (P < 0.05) (Table 4.1, Figure 4.5). 
 
Figure 4.3: Time series of bird 
use by day as captured by trail 
cameras for the three sites at the 
private ranch (top row) with 
pictures of the entire pond (not 
from the trail cameras, middle 
row) and by functional group 
(bottom row). The gray lines 
represent the observed data and 
the red line represents the loess 
smoother with degree = 2 and 
span width = 0.3. The dotted 
black lines represent the summer 
subset for the private ranch 
dataset. We did not include 
turkeys or raptors because they 
did not occur frequently or in 
large enough numbers to use 
loess smoothers. Note that the y 
axis for waterfowl (on the left) is 
different from that for wading 
birds and passerines (on the 
right). 
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 Helisoma trivolvis was the most common freshwater snail, occurring in all 6 sites with an average 
density of 12.91 ± 11.84 SD snails/m2. Physa occurred at 5 (83%) sites with an average density of 1.25 ± 
1.20 SD snails/m2 and Gyraulus occurred at 1 (17%) site with a density of 1.20 snails/m2.  Across species, 
we dissected 854 snails and found 98 infections. Of those, 81 (out of 621 dissected; 13%) infected H. 
trivolvis, 14 (out of 180; 8%) infected Physa, and 4 (out of 53; 8%) infected Gyraulus. Across all 
freshwater snails, we dissected 85.4 ± 57.7 SD snails per genus per site. Parasite morphotype richness 
averaged 3.17 ± 1.17 SD per site with average prevalence across all snail and parasite groups 0.12 ± 0.02 
SD per site (Supplementary material Table 4.4). The most common parasite morphotypes occurring at 5 
of 6 sites were echinostomes and Ribeiroia ondatrae.  
 Trematode richness and prevalence were negatively related to surface area and positively related 
to bird abundance (P < 0.1 or model weights > 0.3, Table 4.1, Figure 4.5). Because bird abundance was 
also positively related to surface area, we also considered bird density (corrected for surface area), but the 
results were numerically similar (not shown). Trematode richness was also marginally related to snail 
density and the presence of fish (P < 0.1, model weights ~ 0.1). Ribeiroia ondatrae was significantly 
positively related to the presence of fish and significantly negatively related to surface area and littoral 
ratio (P < 0.05, model weights = 1). In contrast, echinostomes were marginally positively related to 
littoral ratio, marginally negatively related to host snail density (P < 0.1), and non-significant and 
negatively related to surface area (model weight > 0.1, Table 4.1). Variables included in the model 
averaging but with less than 0.10 weights were regarded as statistical artifacts due to the small sample 
size and multiple model selection methods. 
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Discussion 
 Host abundance and diversity directly affect parasite abundance and diversity. However, in small 
systems where rare or intermittent host visits can disproportionately affect parasite communities, snapshot 
style sampling is insufficient for estimating host impacts on parasite communities. These effects are 
amplified in complex life cycle trematode systems, where mobile vertebrate hosts may use small 
freshwater systems infrequently as part of larger home ranges, but contribute largely to trematode 
abundance and diversity in freshwater snails. In addition, because vertebrate hosts utilize a network of 
freshwater systems, they are often sampled on larger spatial scales then trematode infections within hosts. 
In this study we were able to pair high resolution bird abundance and richness estimates measured at the 
same scale as trematode infections in freshwater snails. Indeed, we found that trematode richness and 
Figure 4.4: 
Autocorrelation 
functions (ACF, top 
row), cross-correlation 
functions between 
cameras (CCF by Cam, 
middle row), and cross-
correlation functions 
between sites (CCF by 
Site, bottom row) for the 
10 month data set at the 
private ranch. The blue 
dotted lines represent 
approximate confidence 
intervals, where 
correlation above or 
below is considered 
significant. Note that the 
ACF plots show 
autocorrelation to 90 
days, while CCF plots 
show ± 50 days. 
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abundance decreased with increasing surface area, but after accounting for the area relationship, increased 
with increasing bird abundance.  
 
Bird use of freshwater systems 
 Because small freshwater systems may be visited by hosts infrequently, it is important to develop 
high resolution sampling methods, such as the trail cameras used in this study, to provide a more detailed 
account of host activity. Using this method, we were able to characterize both daily and seasonal patterns 
of bird activity, where we found that bird activity peaked in mid-day, while varying seasonally by bird 
group. Spring peaks in bird abundances corresponded to breeding seasons and were driven strongly by 
territorial red-winged blackbirds and breeding waterfowl pairs. The winter peak in waterfowl abundances 
was driven by a combination of over-wintering birds (from breeding areas farther north) and winter 
flocking behavior leading to large cohabitating flocks in November and December. In support of this, the 
number of waterfowl vastly increased in individual pictures reaching up to 50 individuals of multiple 
Figure 4.5: Trematode 
richness and prevalence 
compared to surface area (top 
row), bird richness and 
prevalence compared to 
surface area (middle row), and 
trematode richness and 
abundance by area residuals 
compared to bird richness and 
abundance (bottom row) from 
11 visits and six sites in the 
San Francisco Bay area of 
California. The red line 
represents linear regression. 
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waterfowl species in December and these flocks included several known winter migrant species, such as 
the ring-neck duck, common merganser, and hooded merganser that are absent the rest of the year. 
Although community composition did not differ between the 10 month time series and the summer time 
series, the overall seasonal patterns of bird use of freshwater systems indicated that peak bird abundances 
occurred during the winter for this area of California. While few studies have exclusively looked at small 
freshwater systems and even fewer have used trail cameras to capture aquatic birds, larger freshwater 
systems in California showed similar patterns in bird utilization with strong seasonal patterns in water 
bird abundances (Funderburk and Springer 1989). Additionally, we saw peak abundances around mid-day 
for most functional groups, consistent with water birds resting on or near the water instead of actively 
foraging during the height of the day (Kelly et al. 1993, Sauter et al. 2012). 
Table 4.1: Summary of model averaged parameters for the generalized linear mixed models of trematode infection 
explained by host and environmental characteristics by site and the generalized linear global model of bird 
abundance and richness explained by environmental characteristics. The estimate is the model averaged coefficient 
with standard error (Std. Error), p value, and each parameters weight from the models within 4 AICc of the best-
fitting model with dashed spaces representing variables that were not included in the best-fitting models. For R. 
ondatrae, only one model was within 4 AICc, and for bird abundance and richness we did not use model averaging 
and instead report the global model results. 
  Trematode Richness Trematode Prevalence 
  Estimate 
Std. 
Error 
P 
value Weight Estimate 
Std. 
Error 
P 
value Weight 
Area -0.001 0.001 0.141 0.56 -0.001 0.000 0.064 1.00 
Bird Abundance 0.006 0.004 0.090 0.12 0.004 0.002 0.034 0.35 
Bird Richness 0.062 0.051 0.224 0.06  -  -  - 0.00 
Presence of Fish -0.727 0.410 0.067 0.11 0.357 0.289 0.217 0.07 
Snail Density 0.029 0.017 0.097 0.10 -0.016 0.013 0.195 0.08 
Littoral Ratio 1.417 0.967 1.466 0.07 -0.829 0.661 0.210 0.07 
  Ribeiroia ondatrae Prevalence Echinostome Prevalence 
  Estimate 
Std. 
Error 
P 
value Weight Estimate 
Std. 
Error 
P 
value Weight 
Area -0.003 0.001 0.001 1 -0.001 0.000 0.194 0.15 
Bird Abundance  -  -  - 0 0.000 0.002 0.854 0.04 
Bird Richness  -  -  - 0 -0.051 0.044 0.248 0.06 
Host Snail 
Density  -  -  - 0 -0.077 0.043 0.074 0.44 
Presence of Fish 3.436 0.774 0.000 0.38 1.373 1.255 0.274 0.09 
Littoral Ratio -7.330 1.613 0.000 0.63 4.562 2.521 0.070 0.33 
  Bird Richness Bird Abundance 
  Estimate 
Std. 
Error 
P 
value Weight Estimate 
Std. 
Error 
P 
value Weight 
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# Trees near 
Shore 0.115 0.016 0.000  - 0.093 0.047 0.050  - 
% Forest within 
1 km 0.068 0.014 0.000  - 0.024 0.034 0.475  - 
Area 0.0002 0.0001 0.039  - -0.0001 0.0004 0.840  - 
Presence of Fish -0.294 0.369 0.425  - -1.837 0.701 0.009  - 
 
Bird use and trematode infections 
 For the summer time series, we found that bird richness and abundance was related to the quality 
of surrounding terrestrial habitat. Sites with more forested habitat and larger number of trees near shore 
have higher bird richness and abundance. This is probably because these sites offer favorable foraging 
and resting habitat for a variety of bird groups, including waterfowl, wading birds, and predatory 
passerines (such as belted kingfishers and corvids). Indeed, birds were often observed using perching sites 
in the trail camera images. This is similar to the findings of Alsfeld et al. (2010), where small constructed 
wetlands had increased diversity and richness if they were close to forest edges and had more forest 
within 1 km. The correlation with near shore trees and forested habitat has potential implications for 
trematode transmission. For example, Koprivnikar et al. (2006) found that a trematode species increased 
with increasing surrounding forest cover, and hypothesized that forested areas provided better habitat for 
its carnivore host. Similarly, Smith (2001) found that proximity of perching habitat increased both bird 
abundance and trematode abundance and helped to explain spatial heterogeneity in trematode infections 
in freshwater snails.  
 Bird abundance was positively related to trematode abundance and richness, which is consistent 
with the host abundance begets parasite abundance hypothesis. After correcting for the species-area 
relationship, we saw that trematode richness and abundance increased with bird abundance, as would be 
expected if bird hosts were important for trematode transmission to aquatic snails. Given the infrequent 
bird observations (birds were absent in greater than 50% of pictures), using trail cameras to estimate bird 
species richness and abundance provided a much better estimate than a single or few snapshot samples of 
this bird community. Using a similar camera based approach, Hechinger and Lafferty (2005) found a 
similar pattern using trail cameras to estimate small scale utilization of shore birds in salt marshes and 
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many authors have found positive relationships between bird hosts and trematode infections in snails 
(Hechinger and Lafferty 2005, Fredensborg et al. 2006, Hechinger et al. 2007, Smith 2007, Byers et al. 
2008). While we know that not all trematodes in this system use avian hosts, perhaps the abundance of 
avian hosts is indicative of wetland habitat quality and thus would also indicate the abundance and 
diversity of other vertebrate groups. Additionally, abiotic factors, which we did not explicitly include in 
these models due to small sample sizes and concerns with model overfitting, can also affect trematode 
richness and abundance in aquatic snails, including water quality and submersion time in intertidal zones 
(Pietrock and Marcogliese 2003, Fredensborg et al. 2006). However, given the strength of these 
relationships in light of our small sample size, we suspect that the relationship between birds and 
trematodes would still be important when considering other abiotic factors. 
 For these freshwater wetlands we did find trematodes were negatively related to surface area, 
suggesting that larger sites were less conducive to trematode infections. We suspect this could be for three 
reasons. The first is that in this case larger sites were also deeper and steeper than their shallower counter 
parts, thus the negative affect of area could be due to reduced and lower quality (e.g. lower temperatures 
and less sunlight) littoral zones. Trematode eggs depend on warm temperatures, sunlight, and encounters 
with freshwater snails for transmission (Davis 2005, Belden et al. 2009). If the littoral zones are narrower 
or steeper, with rapidly reduced light and temperature, it may limit hatching of trematode eggs or 
encounters with aquatic snails thus reducing both trematode prevalence and richness. The second reason 
is that larger sites by default have a lower littoral zone to pelagic zone ratio, thus more infectious material 
will be deposited into pelagic zones by chance, which have few to no freshwater snails limiting trematode 
encounters with host snails. This was supported by the inclusion of littoral ratio in the model averaging 
results for echinostomes, for which the probability of infection increased with increasing littoral to 
pelagic area ratio. However, this relationship was opposite for R. ondatrae where decreasing littoral to 
pelagic ratio increased the probability of infection, suggesting that the relationship with littoral area is 
more complex and responses may be species specific. The third reason is that larger wetlands also have 
more fish, which are known to reduce snail density. We did find a marginally positive relationship 
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between trematode richness and snail density, perhaps lending some weight to this hypothetical 
relationship. In reality, it is probably a combination of these three mechanisms that determines the 
negative relationship with surface area for these particular sites. It is important to note that the negative 
relationship with surface area was based on only six small sites; further studies that expand on the range 
of pond surface areas may find that this pattern is actually nonlinear. 
 Individual trematode groups responded quite differently from the overall community to host 
abundance and diversity. Ribeiroia ondatrae had higher prevalence in sites with fish, reduced littoral 
zones, yet smaller areas. The area relationship is consistent with the overall trematode community, and 
most likely is caused by similar mechanisms. Two aspects of R. ondatrae ecology predict the positive 
relationship with fish. First,  R. ondatrae depends on predatory birds (such as herons and egrets) as 
definitive hosts, which would be attracted to sites with fish as a prey resource, and second, R. ondatrae 
can use fish as second intermediate hosts potentially positively influencing its abundance in sites with fish 
(Johnson et al. 2004). We did not see a relationship with bird abundance and richness for R. ondatrae, 
which we suspect is because R. ondatrae has a fairly narrow definitive host range, using primarily wading 
birds as definitive hosts. Matching particular host species to specific trematode infections was outside the 
scope of this study. In contrast to R. ondatrae, echinostomes responded to littoral ratio and snail host 
density, but not to bird abundance or richness, perhaps because echinostomes include multiple species and 
most species in the group are able to use broad host ranges (including two classes of vertebrates and 
mollusks as both first and second intermediate hosts; Kanev et al. 1995), complicating abundance and 
diversity patterns. The contrasting results of these two species illustrates how understanding trematode 
ecology is important for drawing conclusions about host abundance effects on parasite prevalence.  
 Several caveats limit the applicability of our results to other systems. We had a small sample size, 
with only 11 visits at 6 sites. However, it was infeasible to increase the number of wetlands monitored 
with trail cameras given the work load required to sort through the large number of pictures collected for 
the existing dataset. It was also difficult to identify most waterfowl to species as distinguishing colors or 
patterns were not visible in most pictures. Perhaps better placement of cameras near waterfowl nests 
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would improve identifications. As technology continues to advance, we suspect that higher resolution 
cameras with longer focal lengths and affordable image classification software will become available, at 
which point better species level identifications and wetland sample sizes will be possible. Indeed, 
Hechinger and Lafferty (2005) found a strong relationship with bird hosts and trematode infections even 
though they also used camera based approaches and had to limit their study to six salt marsh locations. 
Additionally, because we only sampled trematode infections during the summer months, we limited the 
bird communities to this time frame. However, the seasonal analysis showed that waterfowl peaked in 
winter months, and because trematode eggs can perhaps survive cold temperatures (Davis 2005), we may 
have underestimated the bird community contributing to the summer trematode infections. We also 
aggregated trematode infections and camera observations to the wetland scale, even though small-scale 
heterogeneity in host habitat use can drive heterogeneity in infection dynamics (Smith 2001). Overall 
however, these results still indicate strong patterns in both bird host use of small freshwater systems and 
bird host and habitat characteristics as important drivers of trematode communities.  
 We found evidence that bird abundance is positively related to trematode prevalence and 
richness. Here, we present one of the few studies of bird utilization of small freshwater wetlands, 
highlighting how bird abundances vary throughout the year, and raising the interesting question of how 
the changes in bird abundance would correlate to temporal trends in trematode infections.  Future studies 
should focus on larger sample sizes and increased fine scale temporal and spatial resolution to determine 
how spatial and temporal variation affects the relationship between bird hosts and trematode infections in 
freshwater snails. This study highlights both the utility of high resolution sampling for host utilization of 
small aquatic systems and the importance of matching the sampling spatial scales when looking for 
correlations with abundance or diversity patterns in complex life-cycle parasites when the hosts vary in 
habitat use and dispersal ability.  
 
 
 
69 
 
Supplementary material 
Table 4.2:  Animal abundances by species and month captured by each camera at the private ranch. Only pictures 
with greater than 30% visibility were included. Pictures were enumerated from March 1st until December 31st 2011. 
Dashes represent unobserved species for that month.
  
Species M A M J J A S O N D J J A S O N D M A M J J A S O N D
Number of Pictures 344 382 292 425 434 412 364 327 250 260 430 442 413 364 325 287 284 350 384 293 432 439 413 369 342 285 310
Waterfowl/Rails 56 80 142 71 22 4 93 88 29 196 124 25 43 369 219 111 564 49 69 2 2 0 0 0 0 0 1
Duck.Unknown 17 30 90 65 22 4 65 52 10 140 92 23 37 105 41 41 78 12 18  - 2  -  -  -  -  -  - 
Duck.Mallard 39 48 52 5  -  - 28 36 18 49 32  - 6 264 178 65 392 37 51 2  -  -  -  -  -  - 1
Coot.American  -  -  - 1  -  -  -  -  -  -  - 2  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Duck.Ringneck  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
Goose.Canada  - 2  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
Merganser.Hooded  -  -  -  -  -  -  -  - 1 7  -  -  -  -  - 5 94  -  -  -  -  -  -  -  -  -  - 
Merganser.Common  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Gamebirds
Turkey  -  -  - 2 6  -  -  -  -  - 1  - 7  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Passerines 0 0 0 7 21 27 15 22 17 16 0 3 0 3 7 7 33 242 401 106 49 8 11 36 66 0 1
Blackbird.Red-winged  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 242 401 106 49 8 11 6 3  - 1
Passerine.Unknown  -  -  - 5 18 15 8 10 4 11  -  -  -  - 5 2 22  -  -  -  -  -  - 30 63  -  - 
Phoebe.Black  -  -  -  - 3 12 6 10 11 5  -  -  - 1 1 2 3  -  -  -  -  -  -  -  -  -  - 
Kingfisher.Belted  -  -  -  -  -  - 1 2 2  -  -  -  - 1  - 2 1  -  -  -  -  -  -  -  -  -  - 
Crow.American  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
Robin.American  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 7  -  -  -  -  -  -  -  -  -  - 
Blackbird.Brewer's  -  -  - 1  -  -  -  -  -  -  - 3  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
Flicker.Northern  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  -  - 
 -  -  -  -  -  -  -  -  - 
Jay.Scrub  -  -  - 1  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  - 
Swallow.T ree  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Jay.Stellar's  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  - 
Raptors 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 1 0 0 0 0
Vulture.T urkey  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Hawk.Swainson's  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  - 
Hawk.Red-tailed  -  -  -  -  -  -  -  -  -  -  -  - 1 1  -  -  -  -  -  -  -  -  -  -  -  -  - 
Hawk.Coopers/Sharp-shinned  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Hawk.Redshouldered  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Kestral.American  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Wading Birds/Shore Birds 10 0 2 4 14 5 1 7 7 9 2 10 2 0 17 11 23 2 0 0 0 0 0 1 0 0 0
Heron.Great Blue  -  -  -  - 2 2  - 2 1  -  -  -  -  - 4 1  -  -  -  -  -  -  -  -  -  -  - 
Egret .Great 10  - 1 4 12 3  - 5 6 2 2 10 2  - 9 10 5 2  -  -  -  -  -  -  -  -  - 
Heron.Green  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Willet  -  -  -  -  -  -  -  -  - 3  -  -  -  -  -  - 14  -  -  -  -  -  -  -  -  -  - 
Egret .Snowy  -  -  -  -  -  -  -  -  - 4  -  -  -  -  -  - 4  - 
 -  -  -  -  -  -  -  -  - 
Heron.Black-crowned Night  -  - 1  -  -  - 1  -  -  -  -  -  -  - 4  -  -  -  -  -  -  -  -  -  -  -  - 
Cormorant.Common  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
Killdeer  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  - 
Tern.Common  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Unindentified Birds
Bird.Unknown 1  -  -  -  - 2  - 2  - 1 1  -  -  -  -  - 2  - 2  -  -  -  - 1 1  - 1
Other Vertebrates 0 1 4 49 57 19 38 15 5 5 36 193 24 35 6 5 3 1 0 1 23 6 16 24 1 0 0
Livestock  -  - 3 35 40 14 28  -  -  - 31 45 14 30  -  -  -  -  - 1 23 6 16 24  -  -  - 
Bullfrog.American  -  -  - 6 11 2 6  -  -  - 4 144 9 1 1  -  - 1  -  -  -  -  -  -  -  -  - 
Mule Deer  - 1 1 7 6 3 4 12 5 5 1 4  - 3 5 5 3  -  -  -  -  -  -  - 1  -  - 
Unknown  -  -  - 1  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  - 
Coyote  -  -  -  -  -  -  - 3  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Squirrel.California Ground  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
Bobcat  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
SO4 Camera 1 SO4 Camera 2 SO3 Camera 1
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Species J J A S O N D M A M J J A S O N D J J A S O N D
Number of Pictures 425 411 370 366 373 331 336 378 396 278 413 351 117 356 311 239 253 430 443 408 362 302 251 266 20348
Waterfowl/Rails 13 45 32 24 2 0 0 290 299 43 56 185 42 139 406 892 836 219 197 7 50 368 1220 1062 8786
Duck.Unknown 13 45 32 24 2  -  - 181 187 36 54 181 4 34 254 547 564 109 194 6 45 343 1172 1054 6025
Duck.Mallard  -  -  -  -  -  -  - 8 10 1 2 4  - 12 107 63 45 104 3  - 5 19 11 7 1704
Coot.American  -  -  -  -  -  -  - 8 3  -  -  -  -  - 45 273 146 2  - 1  - 6 30  - 517
Duck.Ringneck  -  -  -  -  -  -  -  -  -  -  -  - 38 93  - 9 81  -  -  -  -  - 7 1 229
Goose.Canada  -  -  -  -  -  -  - 86 98 5  -  -  -  -  -  -  - 2  -  -  -  -  -  - 193
Merganser.Hooded  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 107
Merganser.Common  -  -  -  -  -  -  - 7 1 1  -  -  -  -  -  -  - 2  -  -  -  -  -  - 11
Gamebirds
Turkey  -  -  -  -  -  -  - 3  -  - 5 4  -  -  -  -  -  -  - 2  -  -  -  - 30
Passerines 429 121 57 36 0 4 2 0 1 0 0 10 10 22 25 9 12 1 3 0 0 1 4 1 1846
Blackbird.Red-winged 401 111 52  -  - 4 2  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1397
Passerine.Unknown 28 10 5 36  -  -  -  -  -  -  - 8 6 7 7 1 9  - 2  -  - 1 4 1 318
Phoebe.Black  -  -  -  -  -  -  -  -  -  -  - 2  - 4 3 1  -  - 1  -  -  -  -  - 65
Kingfisher.Belted  -  -  -  -  -  -  -  - 1  -  -  - 3 7 9 3 1 1  -  -  -  -  -  - 34
Crow.American  -  -  -  -  -  -  -  -  -  -  -  - 1 3 6 3 1  -  -  -  -  -  -  - 14
Robin.American  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 7
Blackbird.Brewer's  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 4
Flicker.Northern  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  - 2
Jay.Scrub  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 2
Swallow.Tree  -  -  -  -  -  -  -  -  -  -  -  -  - 1  - 1  -  -  -  -  -  -  -  - 2
Jay.Stellar's  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Raptors 0 0 1 0 0 0 0 5 1 6 11 4 2 2 3 0 1 3 0 0 0 0 0 0 43
Vulture.Turkey  -  -  -  -  -  -  - 5 1 6 7 4 1 2 3  -  -  -  -  -  -  -  -  - 29
Hawk.Swainson's  -  - 1  -  -  -  -  -  -  - 4  -  -  -  -  - 1  -  -  -  -  -  -  - 7
Hawk.Red-tailed  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  - 2  -  -  -  -  -  - 4
Hawk.Coopers/Sharp-shinned  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  - 1  -  -  -  -  -  - 1
Hawk.Redshouldered  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Kestral.American  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  - 1
Wading Birds/Shore Birds 1 0 0 0 0 0 1 7 5 2 8 17 2 3 11 11 9 16 78 15 6 16 11 32 378
Heron.Great Blue  -  -  -  -  -  -  - 4 5 1 4 15  - 2 4 9 6 9 76 9 1 6 9 25 197
Egret.Great 1  -  -  -  -  - 1 2  -  - 4 2  - 1 7 2 3 7 2  -  - 7 2 6 130
Heron.Green  -  -  -  -  -  -  -  -  -  -  -  - 2  -  -  -  -  -  - 6 5 3  - 1 17
Willet  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 17
Egret.Snowy  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 8
Heron.Black-crowned Night  -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 6
Cormorant.Common  -  -  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Killdeer  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Tern.Common  -  -  -  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Unindentified Birds
Bird.Unknown  - 2 2 1  -  -  - 10 21 3  -  -  - 1 2 1 5 2 9  - 1 2 1 2 79
Other Vertebrates 146 16 19 8 54 37 3 93 26 19 19 16 1 7 360 157 43 38 35 4 0 291 153 53 2165
Livestock 22 8 13 6 52 35  - 93 25 19  - 3  -  - 360 155 43  - 7 3  - 290 152 53 1649
Bullfrog.American 114 5 5 2 2 2  -  - 1  - 15 13  - 4  -  -  - 38 27  -  -  -  -  - 413
Mule Deer  -  -  -  -  -  - 3  -  -  - 4  - 1 3  - 2  -  -  -  -  - 1  -  - 80
Unknown 10 3 1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1  - 17
Coyote  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 3
Squirrel.California Ground  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1 1  -  -  -  - 2
Bobcat  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
SO3 Camera 2 SO1 Camera 1 SO1 Camera 2
Total
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Table 4.3: Truncated dataset to June 12th to August 7th 2011 at the private ranch (SO) and the 
same dates in 2010 at Pleasanton Ridge (PR) showing bird abundances by species by month and 
by site. Dashes represent unobserved species.  
 
  
Species J J A J J A J J A J J A J J A J J A Total
Number of Pictures 538 794 97 548 850 185 547 876 196 226 422 89 285 469 90 150 341 87 6790
Waterfowl/Rails 163 382 0 15 45 6 125 47 3 0 0 0 42 65 3 1 0 0 897
Duck.Unknown 113 375 - 15 45 6 100 45 3 - - - 40 65 2 1  -  - 810
Duck.Mallard 46 7  -  -  -  - 24  -  -  -  -  -  -  - 1  -  -  - 78
Coot.American  -  -  -  -  -  - 1 2  -  -  -  -  -  -  -  -  -  - 3
Goose.Canada 2  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 2
Merganser.Unknown 2  -  -  -  -  -  -  -  -  -  -  - 2  -  -  -  -  - 4
Gamebirds
Turkey 3 4 2  -  -  - 1  -  - 5 6  - 3 25  -  - 11  - 60
Passerines 0 13 0 33 8 5 5 21 6 0 0 0 0 0 0 0 1 0 92
Blackbird.Red-winged  -  -  - 33 8 5  -  -  -  -  -  -  -  -  -  -  -  - 46
Passerine.Unknown  - 10  -  -  -  - 5 18 3  -  -  -  -  -  -  - 1  - 37
Phoebe.Black  - 2  -  -  -  -  - 3 3  -  -  -  -  -  -  -  -  - 8
Blackbird.Brewer's  - 1  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 1
Raptors 8 5 0 0 1 1 0 0 0 0 0 0 0 15 0 0 0 0 30
Vulture.Turkey 4 5  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 9
Hawk.Swainson's 4  -  -  -  - 1  -  -  -  -  -  -  -  -  -  -  -  - 5
Hawk.Unknown  -  -  -  - 1  -  -  -  -  -  -  -  - 15  -  -  -  - 16
Wading Birds/Shore Birds 20 95 6 0 0 0 4 24 0 0 0 0 1 2 0 0 0 1 153
Heron.Great Blue 9 91 6  -  -  -  - 2  -  -  -  -  - 2  -  -  - 1 111
Egret.Great 11 4  -  -  -  - 4 22  -  -  -  -  -  -  -  -  -  - 41
Heron.Green  -  -  -  -  -  -  -  -  -  -  -  - 1  -  -  -  -  - 1
Unindentified Birds
Bird.Unknown 1 9  -  -  -  - 1  - 1 1  -  -  -  -  -  - 1  - 14
PR16SO1 SO3 SO4 PR06 PR14
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Table 4.4: Infection summary by site at the private ranch (summer of 2011) and Pleasanton Ridge (summer of 2010) 
showing the number infected of each trematode morphotype. We included known species names or suspected 
families or genera for unknown groups. Dashes represent unobserved species and prevalence can be calculated by 
dividing observed numbers of infected snails by the number of host groups dissected. 
 
Morphotype Taxonomy Host  PR06 PR14 PR16 SO1 SO3 SO4
Immature Unknown Any  - 3 1 5 2  -
Virgulate
Lecithodendriidae, 
Allassogonoporidae, or 
Pleurogenidae
Gyraulus  -  -  - 2  -  -
Brevifurcate-apharyngeate Spirorchidae or 
Schistosomatidae
Gyraulus  or Physa  -  -  - 3  -  -
Echinostome Echinostoma or 
Echinoparyphrium
Physa or Helisoma  - 3 7 6 10 5
Ornatae Macroderoididae or 
Haematoloechidae
Physa  -  - 2  -  -  -
Gymnocephalus Ribeiroia ondatrae Helisoma 6 2 1  - 1 9
Cyastophorus Halipegus occidualus Helisoma  -  -  -  -  - 1
Armatae Cephalogonimus sp. Helisoma  - 13 9  -  -  -
Amphistome Allassostomoides  sp. Helisoma 1 2  -  -  -  -
Longifurcate-pharyngeate Strigeidae Helisoma  -  - 4  -  -  -
Morphotype Richness 2 4 5 3 2 3
Gyraulus  dissected  -  -  - 53  -  -
Helisoma  dissected 54 186 115 14 116 136
Physa dissected  -  - 50 121  - 9
Total dissected 54 186 165 188 116 145
Trematode Infections Sites
CHAPTER 5 
 
EVALUATING THE ROLE OF REGIONAL AND LOCAL PROCESSES IN STRUCTURING A 
LARVAL TREMATODE METACOMMUNITY OF HELISOMA TRIVOLVIS 
 
Adapted from: Richgels, K. L. D, Hoverman, J. T., and Johnson, P. T. J. 2013. Evaluating the role of 
 regional and local processes in structuring a larval trematode metacommunity of Helisoma 
 trivolvis. Ecography 36: 854–863. 
 
Abstract 
 
 Metacommunity theory has advanced our understanding of how local and regional processes 
affect the structure of ecological communities. While parasites have largely been omitted from 
metacommunity research, parasite communities can provide the large sample sizes and discrete 
boundaries often required for evaluating metacommunity patterns. Here, we used assemblages of 
flatworm parasites that infect freshwater snails (Helisoma trivolvis) to evaluate three questions: (1) What 
factors affect individual host infections within ponds? (2) Is the parasite metacommunity structured 
among ponds? And (3) What is the relative role of local versus regional processes in determining 
metacommunity structure and species richness among ponds? We examined 10,821 snails from 96 sites in 
five park complexes in the San Francisco Bay area, California, and found 953 infections from six parasite 
groups. At the within-pond level, infection status of host snails correlated positively with individual snail 
size and pond infection prevalence for all six parasite groups. Using an ordination method to test for 
metacommunity structure, we found that the parasite metacommunity was organized in a non-random 
pattern with species responding individually along an environmental gradient. Based on a model selection 
approach involving local and regional predictors, parasite species richness and metacommunity structure 
correlated with both local abiotic (pH and total dissolved nitrogen) and biotic (non-host mollusk density, 
and H. trivolvis biomass) factors, with little support for regional predictors. Overall, this trematode 
metacommunity most closely followed the predictions from the species sorting or mass effects 
metacommunity paradigm, in which community diversity is filtered by local site characteristics. 
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Introduction  
Over the last decade, metacommunity theory has advanced our understanding of how local and 
regional processes interact to structure ecological communities (Leibold et al. 2004, Holyoak et al. 2005). 
The metacommunity framework is based on four paradigms (species sorting, patch dynamics, mass 
effects, and neutral) that differ in the assumed rates of dispersal, the degree of heterogeneity in local 
habitat conditions, and the degree of species similarity in terms of niche requirements (Logue et al. 2011). 
These four paradigms vary in their proposed importance of local and regional processes, and recent 
studies have focused on evaluating the relative influence of these processes to the assembly of 
metacommunities (Cottenie 2005, McCauley et al. 2008). In a recent meta-analysis, Cottenie (2005) 
found that local, niche-based processes (i.e., species sorting) best characterized most published 
metacommunities followed by more regional, dispersal-based processes (i.e., mass effects). For instance, 
McCauley (2008) reported that a larval dragonfly metacommunity was structured both by dispersal 
limitation and by predation, supporting both local and regional processes. However, Cottenie (2005) 
stressed the need for a larger diversity (both across habitats, dispersal types, and spatial scales) of 
metacommunity studies that include both local and regional processes. The relative importance of local 
versus regional processes across differing metacommunity characteristics is still uncertain and additional 
research is needed. 
  Although few studies have explored the application of metacommunity theory to parasites, 
parasite communities are appropriate models for testing such theory (Mihaljevic 2012). Parasite 
communities match the definition of a metacommunity, with species interacting within hosts and 
dispersing among hosts (Leibold et al. 2004, Mihaljevic 2012). Broader landscape level concepts have 
been tested using parasite communities; for example, Poulin et al. (2011)  applied a comparative 
approach, which accounted for phylogenetic relationships, to explore patterns of biogeography inherent to 
host-parasite communities. In community ecology, researchers have historically integrated parasites 
through the exploration of competitive interactions, leading to the identification of a continuum from 
isolationist (little to no species interactions) to interactive (highly competitive communities) (Holmes and 
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Price 1986). Many macroparasite stages are non-interactive (e.g. resting stages); thus, the structuring 
mechanisms (e.g., biotic interactions) typical of niche-based models may be relatively weak for these 
stages (Poulin 2004).  In contrast, some macroparasite stages (i.e. larval trematodes), have been shown to 
be very interactive (Lafferty et al. 1994), and may potentially exhibit tradeoffs between competitive 
ability and productivity (Sousa 1993, Tilman 1994). The isolationist-interactive continuum can be 
expanded to evaluate metacommunity dynamics of parasite communities by broadening the perspective of 
species interactions to include environmental interactions and dispersal.   
While parasites provide an interesting study system for exploring metacommunity theory, they 
have several key differences from free-living systems that may complicate their inclusion into the theory. 
In particular, hosts often have shorter life spans to accumulate parasite species compared to habitat 
patches of free living species, which may lead to higher turnover rates and additional effects of host size 
and age on parasite community composition (Kuris et al. 1980). Hosts are also mobile and thus have 
complex relationships with space (i.e. inter patch distance), leading to migration rates that are constantly 
in flux (Kuris et al. 1980, Dove 2006). Because of the hierarchical nature of parasite communities (i.e. 
communities within hosts and communities among hosts), hosts also have overlapping parasite 
community definitions, sharing species composition across organization levels (Zelmer and Seed 2004, 
Dove 2006). Despite these difficulties, applying metacommunity-based approaches to parasites could 
offer valuable insights into the dynamics of these ‘hidden’ communities. Given that, by some estimates, 
parasitic species outnumber free-living species (Bush et al. 2001), extending metacommunity theory to 
include parasites will also help to address and overcome challenges on the road toward developing a more 
comprehensive approach.  
In this study, we used a trematode metacommunity within the first intermediate host, rams horn 
snails (Helisoma trivolvis), to investigate the role of local and regional processes in structuring a parasite 
metacommunity. We used the hierarchical structure of parasite communities to investigate two levels: 
patch occupancy at the host level (i.e. parasite infections within individual snails) and species richness 
and metacommunity structure aggregated within ponds (i.e., the parasite metacommunity among ponds). 
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We investigated three specific questions (1) Are there effects of host size and pond prevalence on 
infection status within hosts? (2) Does the parasite metacommunity in H. trivolvis show non-random 
patterns of metacommunity structure among ponds? (3) If so, what are the relative contributions of local 
versus regional factors in metacommunity structure and parasite species richness? Over a two-year period, 
we sampled H. trivolvis for trematode infections in freshwater ponds across three counties in California. 
We used a combination of metacommunity approaches to evaluate the role of local and regional 
factors in metacommunity structure. In particular, we used ordination methods to look for patterns in the 
site by species matrix. There are six idealized metacommunity structures (Gleasonian, Clementsian, 
evenly spaced, nested, checkerboard, and random), which reflect the varying importance of local and 
regional processes (Leibold and Mikkelson 2002). Because parasites depend on the availability of their 
hosts and many parasites within our community share host species, we expected the metacommunity to 
exhibit a nested structure (Zelmer et al. 2004). We then evaluated how the metacommunity structure 
(reflected by the ordination scores) correlated with abiotic, biotic, and environmental variables at each 
pond using generalized linear mixed models. Because trematodes have both free-living stages and 
parasitic stages, we expected that parasite communities would be sensitive to the availability of hosts and 
to water quality (e.g. Marcogliese 2004, Soldánová et al. 2010). Thus, we expected our metacommunity 
to fit the species sorting or mass effects paradigms with local factors sorting species along an 
environmental gradient. 
Methods 
Study system 
Trematodes (flatworm parasites in the order Trematoda) are influenced by biotic interactions, the 
abiotic environment, and dispersal. In California pond assemblages, six groups of trematodes are 
commonly encountered (Alaria sp., Echinostoma sp., Ribeiroia ondatrae, Cephalogonimus sp., Halipegus 
occidualis, and Allassostomoides sp.). Hereafter we refer to the individual parasite groups by their genera. 
All of these parasites depend on H. trivolvis as their first intermediate host; however, they differ in how 
many additional hosts are generally used (from 1 to 3) and in which host species are suitable. For 
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instance, Alaria requires 3 hosts, H. trivolvis, amphibians, and mammals (canids and mustellids), but can 
use a 4th host if an unsuitable vertebrate (often a snake) eats an infected amphibian. In contrast, 
Allassostomoides requires only two hosts, H. trivolvis and turtles. Because of the necessity of 
transmission to multiple hosts, trematodes are dependent both on the local community for the availability 
of hosts (Carney and Dick 2000) and on the abiotic conditions that influence their hosts (Soldánová et al. 
2010, Anderson and Sukhdeo 2010). Previous studies on trematode parasite communities have found 
significant correlations with biotic variables (snail host density), abiotic variables (water quality), and 
dispersal (Fernandez and Esch 1991, Urabe and Hinoue 2004, Anderson and Sukhdeo 2010). 
Field survey 
We surveyed 120 freshwater ponds in five park complexes over two years for trematode 
infections in Helisoma trivolvis. All the ponds were part of the oak chaparral eco-region and were spread 
across three counties in the San Francisco Bay area of California (Santa Clara, Alameda, and Contra 
Costa) (Figure 5.1). Parks were selected by choosing areas that were accessible from land owning 
agencies (East Bay Regional Parks, University of California Reserves, Santa Clara County Parks, Contra 
Costa Watershed District, California State Parks, East Bay Municipal Utility District, and The Nature 
Conservancy), had a combined area greater than 10 km2, had greater than 20 potential ponds, had 
continuous coverage of adjacent accessible property, and were surrounded by a dense urban matrix. We 
used 10 km2 as the minimum area because common definitive hosts (e.g., Great Blue Herons and Egrets) 
for our trematode guild have an estimated home range of 10 km (Kelly et al. 2008). We chose to have 
park complexes with a minimum of 20 ponds to ensure we had large enough sample sizes. Our five 
selected park complexes were 1) Briones Reservoir Watershed, San Pablo Reservoir Watershed, and 
Briones Regional Park (EB), 2) Los Vaqueros Watershed, Morgan Territories Regional Park, and Mount 
Diablo State Park (LMM), 3) Pleasanton Ridge Regional Park, Garin/Dry Creek Pioneer Regional Park, 
and Vargas Plateau Regional Preserve (PGV), 4) Sunol Regional Park, Ohlone Regional Wilderness, and 
Del Valle Regional Park (SOD), and 5) Blue Oaks Ranch Reserve, The Nature Conservancy’s Rancho 
Canada de Pala, and Joseph Grant County Park (BTG) (Figure 5.1). Within these park complexes, we 
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randomly selected ponds that were smaller than 2 ha and 
were visible in Google Earth (v. 4.3) imagery from August 
to October 2008. Of these randomly selected ponds, we 
sampled ponds containing H. trivolvis twice within the 
same year, with first visits between 9 May and 25 June 
2009 and 17 May and 4 July 2010, and second visits 
between 26 June and 5 August 2009 and 5 July and 6 
August 2010. 
To assess parasite species richness, we collected 
and measured >50 H. trivolvis over 5 mm in shell length 
on each visit (for a total of approximately 100 snails per 
pond). We collected snails by conducting 10-15 dipnet 
sweeps (45.7 cm d-frame with 1,200 µm mesh) every 10-
20 m around the perimeter of the pond on the first visit and 2-5 seine hauls (1.2 m x 1.8 m with 3,000 µm 
mesh) within the interior of the pond on both visits. We chose to collect only snails greater than 5 mm 
because trematode infections utilize the mature gonads of their hosts, and snails below this threshold size 
usually do not have mature gonads and thus rarely support infections (K. Richgels, personal observation). 
Snails were placed individually into 50 mL centrifuge tubes for 24 hours and checked every 12 hours for 
the release of free-swimming parasite stages (cercariae). When free-swimming stages were present, we 
identified infections based on the free-swimming stages’ morphology (Yamaguti 1971, Schell 1985). We 
dissected snails that did not release free-swimming stages to quantify immature infections. Infections in 
dissected snails without free-swimming stages present were recorded as unidentified, because 
identifications based on parasite stages within the snail are often unreliable (Schell 1985). When possible, 
we identified parasite species using a combination of known species lists in this region, molecular work, 
and relevant literature (Thomas 1939, Lang 1968, Brooks 1975, Schell 1985, Fried and Graczyk 2004, 
Johnson et al. 2004). If species identifications were not possible, we used free-swimming stage 
Figure 5.1: This map shows the study area in 
California, including the five park complexes 
(gray polygons) and the ponds sampled (black 
dots). 
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morphotypes or parasite genera (e.g. Echinostoma sp.). Rarefaction curves supported that our sampling 
methods were sufficient for estimating parasite species richness within a pond. Using a subset of 11 
ponds, 10 reached an asymptote and all Chao 1 estimators were within 0.5 of the observed species 
richness (EstimateS, Colwell 2009). 
We collected information on the abiotic (pH, conductivity, total dissolved nitrogen, trees within 
15 m, surface area, and percentage of the pond surface vegetated) and biotic characteristics (non-host 
mollusk density, and H. trivolvis biomass) of each pond. For biotic variables, we assessed the density of 
H. trivolvis and other non-host mollusks (Lymnaea sp., Physa sp., and Gyraulus sp.), which represents 
host availability and potential dead end hosts for the parasites, from the dipnet and seine sampling as 
described above. Because the H. trivolvis population represents habitat patches, we accounted for 
variation in average size of the host population by converting the density to biomass using the average 
length to mass conversion found in Johnson et al. (in press) then multiplying that by the density. For 
abiotic variables, we assessed three water quality measurements. At each site, we measured pH and 
conductivity using a handheld meter (Yellow Systems Instruments 556 Multi Probe System). 
Conductivity (the ability to conduct electricity) is an indicator of the dissolved salts in the water while pH 
has been shown to impact both snail and trematode communities (Lodge et al. 1987, Soldánová et al. 
2010). Water samples were collected and analyzed for total dissolved nitrogen concentration to represent 
pond productivity using standard methods (http://snobear.colorado.edu/Kiowa/Kiowaref/procedure.html). 
We also estimated three abiotic variables that impact available host habitat and vertebrate host use. We 
estimated the percentage of the water surface that was vegetated as a proxy for habitat of H. trivolvis. We 
also counted the number of trees taller than 3 m within 15 m of the pond. This variable represented cover 
and perching sites for vertebrate hosts and can affect parasite prevalence (Smith 2001). We calculated the 
surface area by walking the perimeter of the pond with a GPS unit (Garmin GPSMAP 60). Surface area is 
a proxy for habitat size, because parasite species richness often increases with pond size (Zelmer and 
Campbell 2011). 
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Along with local variables, we also calculated three variables that were used as proxies for 
dispersal (pond density, distance to nearest H. trivolvis occupied pond, and distance to nearest lake). Pond 
density was defined as the number of neighboring ponds within 1 km, irrespective of whether they 
supported H. trivolvis (in R statistical package v. 2.13.2 call “dist()”). We chose to use pond density 
instead of park complex size (e.g. number of patches in the metacommunity) because the boundaries of 
each park complex were artificially set. We also calculated the distance to the nearest H. trivolvis 
occupied pond and the distance to the nearest lake (defined as having a surface area greater than 10,000 
m2) to represent dispersal distances and major habitat for potential vertebrate hosts. Distance to nearest H. 
trivolvis occupied pond was created by spatially joining all pond locations with a layer including only H. 
trivolvis occupied ponds within ArcGIS 10 (ESRI). Distance to nearest lake was created by spatially 
joining the National Wetlands Inventory layer for California (NWI, USFWS) that had water bodies with 
surface areas greater than 10,000 m2 selected to our pond locations in ArcGIS 10 (ESRI). 
Statistical analyses 
Our analyses focused on two different scales of organization. Within ponds, we evaluated the 
factors affecting infection within individual snail hosts. This analysis sought to evaluate the effects of 
snail size and pond infection prevalence (the number of infections divided by the total number of snails 
sampled within a pond) on individual infection status (yes or no) both for the community and for each 
parasite species individually. We chose to evaluate snail size because larger snails are often more likely to 
be infected (Kuris 1990), whereas increasing prevalence at the pond level should widen the range of sizes 
that are infected. Among ponds, we evaluated metacommunity structure and the role of local versus 
regional processes in predicting both parasite metacommunity structure and species richness. This 
analysis included all sampled ponds across park complexes, thereby capturing the trematode 
metacommunity at the scale of their vertebrate host metacommunity. We chose to evaluate the roles of 
local and regional processes among ponds because the parasite metacommunity is more complex at the 
pond scale (as opposed to individual host scale) and the larger perspective will capture factors affecting 
more mobile hosts. 
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We used generalized linear models (GLM) with a binomial distribution to test for factors 
affecting infection status in individual snails. The response variable was infection status (yes or no) and 
the explanatory variables were snail size and overall infection prevalence at the pond scale.  We ran this 
analysis for overall infection (i.e., aggregating among all parasite species) and for each parasite species 
individually. For the latter, we excluded snails that were infected with other parasite species so as to 
determine whether the size relationship was consistent across parasite species. We excluded ponds 
without H. trivolvis (n=24) or without any parasites present (n=24) to reduce the likelihood of 
overdispersion (72 ponds were included in the analysis). We initially ran generalized linear mixed models 
with a random effect of pond identity, but using generalized least squares and likelihood ratio tests, we 
found that the random effect of pond identity was not necessary (p = 0.99, Zuur et al. 2009). We squared 
the correlation coefficient of the fitted values versus the observed values to estimate R2 (e.g. the models 
predictive power) and used the χ2 statistic to test for overdispersion and goodness of fit (Mitchell et al. 
2010). All models were run in R statistical package (call glm() ). 
We followed the methods of Leibold and Mikkelson (2002) to identify the best-fit structure for 
the metacommunity (Presley et al. 2010). In brief, this method uses ordination by reciprocal averaging on 
the site by species incidence matrix and then tests the resulting ordinated matrix against randomized site 
by species matrices for a dominant axis of variation (coherence), species replacements (turnover or 
nestedness), and groups of species with similar ranges (boundary clumping). In more detail, reciprocal 
averaging places sites with the most similar species compositions and species with similar distributions 
close together. The ordinated matrix is then tested for a dominant axis of variation (coherence) using a 
null model that randomizes the species matrix while keeping row and column totals constant. The matrix 
was considered coherent if the ordinated matrix had significantly fewer embedded absences (e.g. species 
missing from a pond within their range) than the average of the randomized matrix (Leibold and 
Mikkelson 2002). If the matrix was coherent, we further examined the number of species replacements, 
which is when a species replaces another at ponds along the ordinated gradient such that their ranges do 
not overlap, after filling in species absences within each individual ranges (embedded absences). If the 
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ordinated matrix had significantly less or more species replacements than the average randomized matrix, 
we considered it to be dominated by nestedness or turnover, respectively (Leibold and Mikkelson 2002). 
We used Morisita’s index to test the matrix for species ranges with similar boundaries (boundary 
clumping, Leibold and Mikkelson 2002). Index values >1 indicate clumped boundaries whereas values <1 
indicate overdispersion. A chi-squared test was used to test for significance of the observed index value.  
For all tests, we compared our observed matrix to 1000 iterations of the randomized matrix and applied 
the range perspective for reciprocal averaging. Tests were conducted in Matlab, release 2010b with script 
files downloaded at <www.tarleton.edu/higgins/EMS.htm> (Presley et al. 2009, 2010). We ran this 
analysis for the combined site by species matrix which included only ponds that had at least one parasite 
group present (among ponds; 72 sites x 6 species).  
To test the contributions of local versus regional factors to both parasite species richness and 
metacommunity structure (the resulting ordination scores from reciprocal averaging), we used model 
selection on generalized linear mixed models (GLMM) (Burnham and Anderson 2002). We created eight 
possible models representing hypotheses based on potential local and regional variables that may be 
important for species richness and metacommunity structure and used Akaike’s Information Criterion 
(AICc) corrected for sample sizes (Burnham and Anderson 2002) to compare among candidate models. 
The eight competing hypotheses decomposed potential local and regional factors; local models included 
abiotic, biotic, and abiotic + biotic variables, the regional model included dispersal variables, the 
combined local and regional models included abiotic + dispersal, biotic + dispersal, and all variables 
(global model), and the null model included the intercept only (Supplementary Material Table 4.4 for a 
summary of the variables). We ran GLMM with a Poisson distribution for parasite species richness, 
including H. trivolvis occupied ponds (n = 96), and a Gaussian distribution for the ordination scores, 
including ponds with at least one parasite group present and excluding 3 ponds with missing data (n = 
69). Park complex was included as a random effect using the R statistical package (‘lme4’ call glmer() ). 
Predictor variables were transformed as necessary to help normalize their distributions. We assumed 
models within 4 AICc were equally good fits and applied model averaging to get robust parameter 
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estimates (Burnham and Anderson 2002). To test for model fit, we squared the correlation coefficient of 
the fitted values versus the observed values for the global model (including all variables) for both 
response variables to estimate R2 and used the χ2 statistic for species richness to test overdispersion and 
goodness of fit (Mitchell et al. 2010). 
Results  
From the 120 ponds sampled, 96 ponds had H. trivolvis and 72 ponds had at least one parasite 
group present. Three ponds were excluded from the GLMM analyses because of missing environmental 
variables. We dissected 10,821 H. trivolvis snails, found 953 infections (including two double infections), 
and six parasite groups were commonly found in the study area: Alaria (47 ponds), followed by 
Echinostoma (33 ponds), Ribeiroia (24 ponds), Cephalogonimus (22 ponds), Halipegus (21 ponds), and 
Allassostomoides (19 ponds). The parasite groups were found at different frequencies between the 5 park 
complexes, with the highest frequency for each parasite group occurring at PGV for Alaria, Echinostoma, 
Ribeiroia, and Allassostomoides, and LMM for Cephalogonimus and Halipegus (Supplementary Material 
Table 5.5). The average infection prevalence for each pond, combined among parasite species, was 0.094 
(standard error of the mean of 0.015) and ranged from 0.00 to 0.87. The individual parasite species varied 
widely in prevalence between each pond, ranging from 0.00 to 0.78 (Cephalogonimus). The highest pond-
level prevalence observed for each species was 0.78 for Cephalogonimus, 0.74 for Echinostoma, 0.27 for 
Ribeiroia, 0.25 for Alaria, 0.14 for Halipegus, and 0.04 for Allassostomoides. The average parasite 
species richness per pond was 1.63 and ranged from 0 to 6 species.   
Snail size and overall pond prevalence were both positive predictors of infection status with a 
relatively good model fit and no evidence of overdispersion (GLM AIC = 4630, snail size unstandardized 
coefficient = 0.35, pond prevalence unstandardized coefficient = 3.95, R2 = 0.22, deviance = 4624, χ2 = 0 
P = 1, n = 9001), and was a better fit for the data than the intercept model (AIC = 6066, deviance = 6064). 
Correspondingly, infected snails were larger (average = 13.28 mm, standard error of the mean = 2.54) 
than the overall average size of H. trivolvis dissected (average =10.38 mm, standard error of the mean = 
1.98). Snail size was a significant predictor for each of the individual parasites when excluding other 
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infections, although the magnitude of the unstandardized coefficients varied by parasite species; Ribeiroia 
had the largest coefficient for size (0.55) while Alaria had the smallest (0.24) (Table 5.1). Four species 
had significant, positive unstandardized coefficients with overall pond prevalence (Cephalogonimus, 
Echinostoma, Halipegus, Ribeiroia) (Table 5.1). Overall, snails were more likely to be infected if they 
were larger or occurred in ponds with higher prevalence. 
Relationship between size and parasite species 
Parasite Species Estimate Standard Error Z Value P Value 
All Species 0.35 0.01 25.42 <0.0001 
Alaria 0.24 0.03 7.88 <0.0001 
Cephalogonimus 0.33 0.03 10.50 <0.0001 
Echinostoma 0.39 0.03 14.80 <0.0001 
Halipegus 0.30 0.03 9.24 <0.0001 
Ribeiroia 0.55 0.03 15.72 <0.0001 
Allassostomoides 0.29 0.09 3.41 0.0006 
Relationship between site prevalence and parasite species 
Parasite Species Estimate Standard Error Z Value P Value 
All Species 3.95 0.28 14.02 <0.0001 
Alaria 0.77 0.67 1.15 0.251 
Cephalogonimus 5.44 0.53 10.30 <0.0001 
Echinostoma 4.73 0.44 10.81 <0.0001 
Halipegus 2.14 0.65 3.31 0.0009 
Ribeiroia 1.29 0.56 2.29 0.0219 
Allassostomoides 2.74 1.57 1.74 0.0819 
 
 The site by species matrix exhibited a dominant axis of variation (e.g. significant coherence), 
indicating that it had fewer species absences from within the species’ ordinated ranges (e.g. embedded 
absences) (73) than the average null model (117.65, P < 0.0001). The number of species replacements 
(1804) was not different from the average null model number of replacements (2262.4, P = 0.70), thus the 
species matrix exhibited non-significant turnover and non-significant nestedness.  The species matrix did 
not have clumped species range boundaries (e.g. boundary clumping, Morisita’s index = 0.00, P = 0.23). 
This suggests that the regional metacommunity displayed quasi-nested structure with stochastic species 
loss, which is defined as having significant coherence, fewer number of species replacements than the 
null model (but non-significant), and non-significant boundary clumping (Figure 5.2, Presley et al. 2010). 
Table 5.1 The results from the 
GLM of infection status by snail 
size and overall pond prevalence 
for each parasite group.  The 
correlation estimate represents the 
unstandardized coefficient of the 
relationship with size or 
prevalence from the GLM results.  
The All Species model has 9001 
snails and represents 72 ponds. 
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Figure 5.2: Incidence matrix for the 5 park 
complexes in San Francisco Bay area, 
California.  The site by species matrix was 
ordinated using reciprocal averaging and 
following the methods of Leibold and 
Mikkelson (2002).  Black areas represent 
species presence during at least one sampling 
event during the survey and gray areas 
represent embedded absences within a species 
range.  Ordination number and park complex 
codes are listed with each pond. 
This quasi structure indicates that the larval trematode 
metacommunity was characterized by species-specific 
tolerances to the gradient identified by reciprocal 
averaging (Presley et al. 2010).  
 The global models for parasite species richness 
and metacommunity structure fit the data reasonably 
well and were not overdispersed (R2 = 0.39 and 0.44, 
species richness χ2 = 1.14, P = 0.88). All GLMM 
models used to explain parasite richness were within 4 
AICc; thus, we used model averaging to integrate 
information among models in assessing variable 
importance (Table 5.2, Table 5.3). pH was the only 
significant factor in the model averaging, but pond 
surface area was marginally significant (P = 0.003, P = 
0.079 respectively, Table 5.3). pH correlated negatively 
while surface area marginally correlated positively with 
parasite richness (Table 5.3). The best fitting GLMM 
models for metacommunity structure, which was 
represented by the reciprocal averaging ordination 
scores, were the biotic and the abiotic + biotic models. 
Total dissolved nitrogen, non-host mollusk density, and 
H. trivolvis biomass were significant factors in the 
model averaging (Table 5.3). Total dissolved nitrogen 
and non-host mollusk density correlated positively 
while H. trivolvis biomass correlated negatively with 
the ordination scores (Table 4.3). Additionally, total dissolved nitrogen correlated positively with H. 
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trivolvis biomass (unstandardized coefficient = 0.075) and non-host mollusk densities (unstandardized 
coefficient = 0.013). However, non-host mollusk density correlated negatively with H. trivolvis biomass 
(unstandardized coefficient = -0.225), suggesting competitive effects within the mollusk community. In 
sum, metacommunity structure was affected by local abiotic (total dissolved nitrogen) and biotic (H. 
trivolvis biomass and non-host mollusk density) factors, with no obvious signature of regional factors. 
Model Comparisons 
Models # Parameters AICc ∆ AICc 
AICc 
Weight 
Cumulative 
Weight 
Negative Log 
Likelihood Deviance 
Parasite Species Richness           
  
abiotic 8 138.81 0 0.3 0.3 -60.57 121.2 
abiotic + biotic 10 139.71 0.89 0.19 0.5 -58.57 117.1 
intercept 2 140.55 1.74 0.13 0.62 -68.21 136.5 
dispersal 5 140.7 1.88 0.12 0.74 -65.01 130.2 
abiotic + dispersal 11 141.3 2.49 0.09 0.83 -58.06 116.1 
biotic 4 141.73 2.92 0.07 0.9 -66.64 133.3 
global 13 142.22 3.41 0.06 0.95 -55.86 111.7 
biotic + dispersal 7 142.56 3.74 0.05 1 -63.64 127.3 
Community Structure (Ordination Scores) 
  
biotic 5 213.82 0 0.54 0.54 -101.43 203 
abiotic+biotic 11 214.73 0.91 0.34 0.89 -94.05 188.1 
biotic+dispersal 8 218.46 4.64 0.05 0.94 -100.03 200.1 
abiotic 9 219.7 5.88 0.03 0.97 -99.32 198.6 
intercept 3 220.73 6.9 0.02 0.99 -107.18 214.4 
global 14 221.59 7.77 0.01 1 -92.91 185.8 
dispersal 6 224.74 10.92 0 1 -105.69 211.4 
abiotic+dispersal 12 226.49 12,67 0 1 -98.46 196.9 
 
Variables Estimate Standard Error Z Value P Value 
Model Averaging Parameter Estimates - Species Richness 
Log Surface Area 0.11 0.06 1.76 0.0787 
Log Percentage vegetation -0.04 0.06 0.75 0.4524 
Log number of trees within 15 m -0.06 0.06 1.05 0.2943 
Log Conductivity -0.02 0.06 0.35 0.7296 
pH -0.16 0.05 3.00 0.0027 
Log Total N 0.07 0.05 1.32 0.1863 
Table 5.2: The results of the generalized linear mixed model (GLMM) selection using AICc and negative log 
likelihood for parasite species richness (n = 96) and parasite community structure (reciprocal averaging 
ordination scores, n = 69) among ponds in the San Francisco Bay area, California.  The models are ordered from 
best to least fitting models according to their AICc values.  Models within 4 AICc are considered equally good 
fitting models and are indicated by gray shading.    
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Square root non-host mollusk density 0.07 0.05 1.41 0.1598 
Log H. trivolvis biomass 0.05 0.05 0.99 0.3223 
Pond density -0.08 0.07 1.08 0.2797 
Log distance to nearest H. trivolvis positive site -0.07 0.05 1.24 0.2162 
Log distance to nearest lake > 10,000 m2 0.15 0.09 1.57 0.1173 
Model Averaging Parameter Estimates - Ordination Scores 
Log Surface Area 0.05 0.11 0.40 0.6865 
Log Percentage vegetation -0.10 0.10 1.01 0.3143 
Log number of trees within 15 m -0.09 0.10 0.94 0.3459 
Log Conductivity 0.07 0.11 0.60 0.5500 
pH -0.07 0.10 0.71 0.4798 
Log Total N 0.34 0.10 3.37 0.0008 
Square root non-host mollusk density 0.29 0.11 2.78 0.0054 
Log H. trivolvis biomass -0.27 0.11 2.48 0.0131 
Pond density -0.10 0.13 0.72 0.4734 
Log distance to nearest H. trivolvis positive site 0.10 0.11 0.94 0.3493 
Log distance to nearest lake > 10,000 m2 0.07 0.14 0.51 0.6125 
 
Discussion  
 While generally omitted from metacommunity research, parasite communities can be effective 
models for testing such theory. Our results indicated that the parasite metacommunity was a non-random 
assemblage that appeared to be influenced primarily by local factors. Within ponds, larger hosts were 
more likely to be infected, particularly in ponds with a high overall level of infection. Among ponds, the 
trematode metacommunity exhibited a quasi-nested structure with stochastic species loss, which suggests 
that individual species have different tolerances along the ordinated gradient. Abiotic and biotic variables 
that likely affected the availability of mollusk hosts were most important in influencing metacommunity 
structure (e.g. H. trivolvis biomass, non-host mollusk density, and total N). Parasite species richness was 
related (weakly) to local abiotic variables that represent the quality and size of the wetland (e.g. pH and 
wetland surface area). Taken together, these results suggest that this larval trematode metacommunity fits 
the species sorting or mass effects paradigm of metacommunities, due to the importance of local, niche 
factors. 
Table 5.3: Model averaging parameter estimates from the 8 models of local and regional factors affecting larval 
trematode species richness and metacommunity structure, represented by the reciprocal averaging ordination 
scores, for 96 ponds (species richness) or 69 ponds (metacommunity structure) across 5 park complexes in San 
Francisco Bay area, California.  The significant factors are in bold. 
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 At the scale of individual hosts, host size and overall pond prevalence positively predicted 
trematode infection, indicating that larger snails and snails in ponds with higher prevalence were more 
likely to be infected. Host size has been shown to positively correlate with infection (Kuris 1990, 
Faltýnková et al. 2008) and has multiple possible mechanisms. Larger hosts can provide a bigger target 
for parasites, which contributes to higher infection rates. Older hosts, which are usually larger, are also 
exposed to parasites for a longer period of time, thereby increasing their risk of infection (Sousa 1992); 
this relationship is also known as the age-prevalence curve in epidemiology and is supported in the 
closely related Biomphalaria – Schistosoma system (Anderson and Crombie 1984). Finally, some 
trematodes cause “gigantism,” or increased growth rate in the host snail. This occurs because the host 
snail is castrated by the infection and reallocates resources from reproduction to growth (Mouritsen and 
Jensen 1994). Interestingly, our results also revealed variation in the coefficient for host size between the 
six parasite groups, with the only parasite group (Alaria) that has a larval stage within the snails with no 
mouth or gut (sporocysts) having the smallest coefficient with host size. This stage is thought to be a 
weaker competitor than the alternative form with a mouth and gut (rediae) and that they thus regularly 
inhabit smaller snails due to competitive exclusion from larger snails (Kuris 1990). The relationship 
between infection, larger size, and overall pond prevalence was moderated by parasite identity. 
 Among ponds, the larval trematode metacommunity exhibited quasi-nested structure with 
stochastic species loss (Presley et al. 2010), in which the most common species range enveloped all other 
species ranges. The metacommunity showed quasi-nested rather than fully nested structure because a few 
species with more restricted ranges (e.g., Ribeiroia and Halipegus) sometimes occurred without more 
common species (e.g., Alaria). Within the trematode metacommunity, the most widely distributed species 
such as Echinostoma and Alaria tended to have low host specificities and often use highly mobile 
vertebrate hosts (i.e., mammals or birds, Schell 1985, Fried and Graczyk 2004), which may facilitate 
dispersal. Similarly, Poulin et al. (2012) found that generalist parasites had larger geographic ranges 
relative to specialist parasites in a fish-parasite system.   
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 The observation of stochastic species loss in the metacommunity suggests that each parasite 
species responds uniquely to the range of environmental conditions encountered in this region. Given that 
many of the parasites included in this study (e.g., Alaria, Echinostoma, Ribeiroia, Cephalogonimus, 
Halipegus) require three or more hosts to complete their life cycle, it is possible that host availability was 
a factor underlying the pattern of stochastic species loss.  Unfortunately, the complete host range for 
many of these parasites is incomplete, but future efforts aimed at comparing the relative influence of host 
requirements, host dispersal ability, and additional environmental factors in driving parasite 
metacommunity structure should be a priority.    
 The major gradient supported by the reciprocal averaging analysis correlated with factors 
associated with the mollusk host (i.e. total N, non-host mollusk density, and H. trivolvis biomass). Non-
host mollusk density represents two potential mechanisms for interaction with parasite species. Non-host 
mollusks compete for resources with the host species, thus impacting host species dynamics (Brown 
1982). They can also act as “decoy hosts”, meaning parasite species unsuccessfully try to infect an 
unsuitable mollusk species leading to reduced infection levels in the target host (Johnson and Thieltges 
2010). Total dissolved nitrogen interacts with parasite species by increasing pond productivity; increased 
productivity can increase H. trivolvis biomass and the availability of hosts for parasites (Johnson et al. 
2007). There was no signal from dispersal processes, as indicated by the lack of support for the dispersal 
variables in the GLMM. Thus, the availability of mollusk hosts (a local process) is likely the main 
structuring factor for this larval trematode metacommunity. 
 Local factors were also most important for species richness of larval trematode communities. 
Although none of the models were selected as the best fit, the strongest predictor of parasite species 
richness was local abiotic characteristics (pH and surface area). pH may be important to multi-host 
parasites through several direct and indirect mechanisms (Anderson and Sukhdeo 2010). Larval 
trematodes have several free-living stages where they are exposed to the environment, and these stages 
are sometimes sensitive to water quality (Karvonen et al. 2003). Additionally, pH could affect parasite 
species richness indirectly because it is correlated with many water quality measurements such as 
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dissolved oxygen, water temperature, and productivity. Though the negative correlation with pH was 
surprising, Soldanova et al. (2010) also found a significant negative effect of pH on parasite species 
richness in a study of freshwater snails and their parasites in Germany. Indeed, complex life cycle 
parasites are not the only groups to be affected by pH; microbial communities in both streams and soils 
are most similar to each other when the environmental pH is similar (Fierer et al. 2007, Lauber et al. 
2009). Future experiments are needed to further evaluate the relationship between pH and trematode 
parasite richness. Species richness also correlated weakly with surface area, consistent with well-
established work on the species-area relationship for free-living communities (Connor and McCoy 1979). 
Surface area has also been shown to be positively associated with parasite community structure and 
species richness in a fish-parasite system (Zelmer and Campbell 2011).   
 The larval trematode community can be classified as ‘interactive’ on the competition continuum. 
Interactive communities demonstrate non-random patterns of community assembly and positive or 
negative species associations (e.g. due to species interactions) (Holmes and Price 1986). Positive 
associations are inferred in our study system because two parasite groups, Ribeiroia and Allassostomoides 
never occurred within single species communities (Figure 5.2). Although we did not test for species 
associations directly, previous studies have also found positive associations between particular trematode 
species across wetlands (Urabe and Hinoue 2004), presumably because trematode species share definitive 
hosts and are thus dispersed together. Thus, there are two possible mechanisms for the positive 
associations in our metacommunity, direct interactions such as competition, or indirect interactions 
through shared dispersal mechanisms.  
Taken together, our results suggest that this larval trematode metacommunity in H. trivolvis most 
closely resembles the species sorting or mass effects paradigms of metacommunities. According to the 
meta-analysis by Cottenie (2005), most systems follow species sorting or mass effects, especially when 
they have passive dispersal in aquatic systems. Species sorting emphasizes that differences in habitat 
patches, such as environmental gradients, determine species composition and structure, while dispersal 
allows for communities to track environmental changes (Leibold et al. 2004, Holyoak et al. 2005). Mass 
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effects is similar to species sorting, but allows for greater dispersal such that species can be rescued from 
local extinction (Leibold et al. 2004, Holyoak et al. 2005). Logue et al. (2011) argued that mass effects 
and species sorting cannot be distinguished without direct measurement of dispersal.  Thus, we do not 
discern between these overlapping metacommunity paradigms. In our study system, we found evidence 
that local niche factors were most important in determining metacommunity structure and species 
richness. We acknowledge, however, that such results may vary as a function of spatial extent and the 
particular parasite assemblage under study, emphasizing the importance of more comparative studies that 
incorporate metacommunity tools to study parasites. Future studies should also try to incorporate multiple 
community levels or a nested design of metacommunities to evaluate how hierarchical organization 
affects the role of local and regional processes in metacommunity structure and species richness. 
Supplementary material 
Table 5.5: Summary of parasite occupancy for the five park complexes in the San Francisco bay area, California.  
The largest occupancy percentage for each parasite species group are in bold, note how the highest values for each 
species occurred at only two park complexes, LMM and PGV. 
Prevalence by Park Complex and Parasite Species 
Parasite Species BTG (n=27) 
EB 
(n=18) 
LMM 
(n=15) 
PGV 
(n=19) 
SOD 
(n=22) 
All 
(n = 101) 
Alaria 0.41 0.28 0.33 0.84 0.46 0.47 
Cephalogonimus 0.11 0.06 0.33 0.32 0.32 0.22 
Echinostoma 0.37 0.50 0.13 0.58 0.05 0.33 
Halipegus 0.04 0.22 0.40 0.16 0.32 0.21 
Ribeiroia 0.07 0.17 0.47 0.53 0.09 0.24 
Allassostomoides 0.07 0.06 0.13 0.68 0.05 0.19 
 
Table 5.4: The summary statistics for the local and regional variables used in the generalized linear mixed models 
(GLMM) for community structure (n = 69 sites) and species richness (n = 96 sites).  The GLMM were run with 
Poisson distribution for species richness and Gaussian distribution for the ordination scores from reciprocal 
averaging (metacommunity structure).  For each variable, the mean, standard deviation, minimum, maximum, and 
number of missing values are presented.  Sites with missing values were removed from the GLMM analysis (n = 
25). 
Variable Mean 
Standard 
Deviation Minimum Maximum 
Missing 
Data 
Abiotic           
Surface Area (m2) 1340.86 1864.99 54 12264 - 
Percentage Vegetation (%) 40.79 30.57 0 100 - 
# of Trees within 15 m 8.08 19.99 0 200 - 
Conductivity (µS/cm) 383.74 464.37 40 2632 - 
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pH 8.54 1.16 5.13 12.22 4 
Total N (mg N/L) 45.03 59.82 0.35 337.04 4 
Biotic           
Non-host Mollusk Density (per m2) 4.73 8.88 0 59.90 5 
H. trivolvis Biomass (g/m2) 1.14 1.60 0 13.61 18 
Dispersal           
Pond Density (per 1 km2) 1.79 1.04 0 4.50 - 
Distance to Nearest H. trivolvis 
positive site (m) 717.49 559.76 14.46 3439.80 - 
Distance to Nearest Lake > 10,000 
m2 (m) 2847.74 1713.38 0 7197.35 - 
Response           
Parasite Species Richness 1.63 1.55 0 6 18 
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CHAPTER 6 
 
CONCLUSIONS 
 
Parasites in a metacommunity context 
 Drivers of trematode metacommunities did indeed shift from local to regional processes as the 
spatial scale of interest increased. At the community level, trematodes do have competitive species 
interactions, where the presence of one symbiont affects the colonization of another. In contrast at the 
metacommunity level, regional factors, both species traits and dispersal (measured through the proxy of 
richness and abundance of avian hosts) were major drivers of trematode metacommunities with little to no 
impact of competitive interactions. Both metacommunity level studies highlighted the importance of 
dispersal to this metacommunity; the mathematical model chose extremely large numbers of incoming 
infectious propagules while I saw a correlation between trematode infections and bird hosts, indicating 
that their presence leads to increased dispersal. At the landscape level, characteristics of the 
metacommunity itself (size, quality) affected the landscape structure. Given that species interactions were 
less important on larger spatial scales than differences in species traits and patch quality and size and the 
strong signal of dispersal, this system most likely best fits the mass effects paradigm, where high 
dispersal levels lead to coexistence in highly competitive communities. These results highlight both the 
importance of considering and matching spatial scales and investigating separately and in tandem the 
major drivers of metacommunities. 
 Beyond insights into metacommunity theory and the main drivers of trematode metacommunities, 
these studies also informed aspects of parasite ecology. Even though many studies of trematode 
communities in freshwater snails stress competitive interactions (Kuris and Lafferty 1994, Lafferty et al. 
1994), I saw very little signal of this process. Competitive interactions most likely do occur, but their 
impact on the resulting prevalence within a wetland is perhaps smaller than currently estimated. I suspect 
that regional processes (like snail host demographics and vertebrate host dispersal) may overpower the 
effects of competition when communities are investigated at larger spatial scales. The idea that co-
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infecting parasites could reduce the infection of pathogenic species still needs further study, and could be 
important to the understanding of disease-causing agents in an ecological context. Consistently 
throughout my thesis, my results have highlighted the importance of host communities to parasite 
metacommunities, yet what we know about how hosts drive parasite communities is based mostly on 
simple positive correlations over short time frames. This suggests that a more quantitative approach over 
longer time series could elucidate patterns in parasite dynamics 
 While my results are cohesive and inherently interesting, there are limits to how much they can 
be extrapolated to free-living systems. Trematodes in freshwater snails have both the advantage and 
disadvantage of being highly simplified metacommunities, which leads to the question of whether more 
complex metacommunities, both in habitat requirements (as opposed to hosts) and in species richness and 
interactions, would lead to similar results. In a similar way, because snail hosts are short lived, there is 
some question about whether the dynamics observed represent stable, if cyclic, systems or if I captured 
more transient dynamics. Perhaps systems with regular and short intervals of disturbance, like a tidal rock 
pool or frequently burned grassland, might show similar metacommunity dynamics. Additionally, 
because habitat patches (snail hosts) are mobile, an unusual feature of host-parasite systems, they may be 
able to homogenize the effects of spatial or temporal heterogeneity in colonization pressure. A close 
analog might be rocks in streams or intertidal zones that move due to floods or wave action. Regardless, 
as with most research studies, care is needed when comparing these results to other systems. 
Future directions 
 Trematode metacommunities are complex systems, and while much progress has been made 
during the course of my thesis, two closely related questions remain to be answered: (1) What is the 
relative importance of mass effects (outside dispersal) to colonization and species coexistence in 
trematode metacommunities, and (2) How does the size and quality of the habitat patches within the 
metacommunity affect metacommunity dynamics? I suspect that dispersal leads to mass effects in this 
system, yet few non-experimental systems have been able to demonstrate the theoretical principles of 
mass effects. However, in the future I intend to measure dispersal by tracking recruitment to sentinel 
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snails over time and capturing vertebrate host visitation in the field to elucidate how environmental 
characteristics and vertebrate host visitation combine to determine colonization rates of trematodes into 
their host snails. In combination with this, I will vary dispersal in experimental mesocosms to test when 
mass effects appear to overcome competitive interactions. Additionally, I expect that trematode 
metacommunity dynamics are strongly linked to their host snail population demographics. Thus I intend 
to establish long-term monitored field sites so I can better track how host population cycles affect 
trematode metacommunity dynamics. I will combine these field observations with laboratory studies 
evaluating how trematode colonization and time to maturity (similar to population saturation) are affected 
by host snail size and age. Changing quality or quantity of metacommunities also occurs in free-living 
analogs with highly disturbed systems or early successional stages, where habitats are temporary and 
constantly shifting in quality and quantity. These two questions can be neatly nested within the same 
sampling and experimental design, making them ideal for a future research direction. 
Implications for the ecological context of disease 
 Trematodes can have ecological, economical, and human health importance. For example, a 
closely related trematode, Schistosoma sp., which causes schistosomiasis in humans, is a leading cause of 
morbidity in children in tropical nations. A better understanding of the ecology of such diseases can lead 
to better interventions and treatments worldwide. This includes livestock diseases, and those that spill 
over or spill back between livestock, humans, and wildlife. Community ecology has already contributed 
to our understanding of disease, leading to innovations in probiotics and microbial treatments for humans 
and intercropping and other natural management strategies for agriculture. Further theoretical research 
into the ecology of parasites could culminate in additional insights with medical and agricultural 
implications. Additionally, parasites make up ~50% of the world’s diversity (Bush et al. 2001), so it 
seems imperative to incorporate them into ecological theory. Perhaps integrating parasites into 
predominant free-living ecological theory will help to unify and further develop theory into universal 
ecological laws. 
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